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The U4 snRNA may exist as a discrete particle prior to U4/U6 snRNP formation; 
however, the free U4 snRNP has not been isolated, as it does not accumulate in cellular 
lysates. This investigation utilized both genetic and biochemical means to generate and 
characterize U4 snRNP from Saccharomyces cerevisiae. I identified Prp24 alleles that 
cause a shift to free U4 RNA. Analysis of such lysates on cesium chloride gradients 
provided evidence that the accumulated U4 RNA occurs as an RNP. In addition, I 
modified Raghunathan & Guthrie's (1998b) method of generating U4 snRNA species for 
the preparative generation of U4 snRNA/P and confirmed that it is an RNP. I compared 
the sedimentation of the two U4 RNA-containing species by rate-zonal and isopycnic 
sedimentation and found them to differ. In addition, I successfully captured free U4 and 
U4/U6 RNA-containing species by targeting U4 RNA residues with a complimentary 2'-
O-methyl RNA oligonucleotide. 
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Chapter 1 
Introduction 
Gene expression is controlled at the transcriptional, post-transcriptional and translational 
levels. In eukaryotes, many genes undergo pre-messenger RNA (pre-mRNA) splicing; a post-
transcriptional phenomenon in which non-coding sequences are removed from pre-mRNA 
transcripts and the coding sequences spliced together yielding mRNA. These splicing reactions 
are performed by a multi-component system of complexes composed of both RNA and proteins, 
referred to as the spliceosome. The spliceosome poses a special research problem due to the 
large number of involved components and a multitude of transient interactions. While the Ul, 
U2, U4/U6, U4/U6»U5 and U2/U6 small nuclear ribonucleoprotein particles (snRNPs) have been 
isolated and characterized, the free U4 snRNP has not. It is believed that the U4 snRNA is 
present in an RNP, the U4 snRNP, prior to incorporation into the U4/U6 snRNP. The primary 
focus of this thesis is to identify strategies for generating free U4 RNA, identify if this RNA 
corresponds to an RNP complex, and attempt to purify the U4 snRNP. 
1.1 Pre-mRNA Splicing 
Eukaryotes exhibit an additional level of genetic complexity in comparison to Bacteria 
and Archaeans. In eukaryotes, pre-mRNA is transcribed directly from nuclear DNA. However, 
this pre-mRNA contains non-coding elements, introns, interspersed among the coding sequences, 
- 1-
CHAPTER 1 - INTRODUCTION 2 
exons. Exons are sequences of coding RNA that are read by ribosomes and used as a template 
for making polypeptide chains. In contrast, introns do not encode peptides, but can code for 
DNA sequences that function as regulating sequences (Hadden et. ai, 1997). Intron containing 
genes are very common in eukaryotes with an estimate of more than 80% of human genes 
containing introns (Sakharkar & Kangueane, 2004). Intron sequences are excised from the pre-
mRNA transcript by a macromolecular complex, the spliceosome. Splicing is the removal of 
introns and subsequent ligation of the remaining exons to yield mRNA. The resulting transcript 
is then processed further and subsequently transported into the ER. 
The spliceosome is the cellular machinery responsible for high fidelity recognition of the 
exon/intron junctions and for performing the reactions necessary to remove introns and ligate the 
remaining exons. The major spliceosome is composed of five uridine-rich (U) small nuclear 
RNAs (snRNAs) that associate in an organized and coordinated manner with a variety of 
proteins. These snRNAs form complexes with specific proteins, referred to snRNPs, as depicted 
in figure 1. Ul , U2, U4, U5, and U6 are small nuclear ribonucleic acids (snRNAs) that interact 
with specific proteins to form the above-mentioned snRNPs (Jurica & Moore, 2003). Over 100 
proteins have been identified that associate with the snRNAs and other proteins during the 
various processes of the S. cerevisiae spliceosome and it has been estimated that more than 300 
proteins participate in splicing in humans (Jurica & Moore, 2003). Each splicing event (removal 
of one intron) has been shown to occur via multiple interactions between snRNAs and the pre-
mRNA, between different snRNAs, between different snRNP associated proteins, and between 
snRNP associated proteins and the pre-mRNA (Staley & Guthrie, 1998; Makarov et. al, 2002). 
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Figure 1. Splicing complex formation in the splicing cycle. 
The result of these associations is two transesterification reactions (Umen & Guthrie, 1998). In 
the generalized model for spliceosome formation, recognition of a splice site and formation of 
the spliceosome is believed to occur in a chronological and step-wise fashion initiated by 
recognition of the pre-mRNA by Ul (figure 1), forming the E complex. The U2 snRNP then 
recognizes and binds the branch point of the intron. Subsequently, the U4/U5-U6 snRNP shuttles 
in the U6 and U5 snRNPs forming the B complex. At this point the growing spliceosome 
undergoes a rearrangement, with the Ul and U4 snRNPs leaving, to yield the B* complex. The 
first transesterification reaction occurs with the branch-point adenosine performing a 
nucleophilic attack on the 5' end of the intron resulting in the formation of a lariat loop in the C 
complex. The 3'-end of the 5' exon then performs a nucleophilic attack on the 5'-end of the 3' 
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exon, finishing the second transesterification reaction and yielding the mRNA product. 
However, there is evidence that 'holosomes' may form; these contain all of the snRNPs prior to 
the presence of pre-mRNA (Jurica & Moore, 2003; Stevens et. al, 2002). 
1.2 Protein and RNA interactions in RNA activity 
A variety of RNA-protein interactions have been reported. For example, RNA can act as 
a substrate for catalytic proteins, such as endonucleases or helicases (Raghunathan and Guthrie, 
1998b). RNA can also bind some proteins in a chaperone-like manner, contributing to the 
folding of the protein (Lin et. al, 2001). In a similar manner, proteins can bind and stabilize (or 
destabilize) RNA structures, thereby improving intrinsic RNA activities or contributing to an 
RNA-based catalytic property. An example of a protein contributing to over-all RNA catalytic 
activity is the ribosomal proteins L7Ae (Steitz and Moore, 2003; Turner et. al, 2005). In this 
manner, a specific RNA-protein interaction can result in new functional interactions with another 
protein and/or RNA, such as the interactions believed to occur between Prp8p and both the 5 ' 
and 3'-splice sites of pre-mRNA during ligation catalysis by U6 snRNA (Collins and Guthrie, 
1999). Thus, the function of a specific RNA may be directly dependent on the presence of a 
specific protein or proteins. These interactions are not restricted to single RNAs, proteins can 
also interact with RNAs that are base-paired to form higher-order complexes or bind to RNA and 
protein components in a hierarchal manner (Schultz et. al, 2006). 
Proteins and RNA are both required for the formation of an active spliceosome that is 
competent for splicing (Cheng & Abelson, 1986). However, there is strong evidence that RNA 
forms the catalytic centre of the spliceosome, responsible for the phospodiester bond formation 
between exons (Yean et. al, 2000). In addition to the catalytic activity of RNA, proteins also 
play major roles in the rearrangements that occur during formation of the active spliceosome. In 
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the context of the spliceosome, proteins perform both catalytic and stabilizing roles. An example 
of a spliceosomal-catalytic protein is Brr2, an ATP-dependent RNA helicase that unwinds the 
U4/U6 RNA duplex (Raghunathan and Guthrie, 1998b). In contrast, stabilizing proteins act to 
modify RNA structure or to help other proteins to associate with the spliceosome. An example 
of this stabilizing activity is the tripartite binding platform formed by Prp31p, Prp4p and Snul3p 
(Nottrott et. al, 2002). RNA strands (de-)stabilized by proteins can adopt conformations that are 
thermodynamically unfavourable for the naked RNA, expanding the thermodynamic landscape 
and conformational space that the RNA inhabits (Herschlag, 1995). Therefore, RNA-based 
functions in the spliceosome cannot be evaluated in the absence of their associated proteins. 
As a result of the contribution of proteins to a particle's function and the variability of the 
protein and RNA complement within a particle, there is an inherent degree of ambiguity when 
referring to the various snRNPs. For the purpose of clarity, particles of unknown or variable 
composition will be referred to as snRNA/Ps to denote the meta-function/identity while 
acknowledging the changing or unknown composition of the particle. 
1.3 Saccharomyces cerevisiae as a model organism 
Due to the power of yeast genetics and the highly conserved splicing mechanism, much 
splicing research is conducted in a robust model organism, Saccharomyces cerevisiae (bakers' 
yeast). S, cerevisiae provides an excellent platform for the study of pre-mRNA splicing for 
several key reasons. This model organism is both easy to culture and to transform with plasmids 
carrying modified genes. In addition, S. cerevisiae can be manipulated in both haploid and 
diploid states to create new combinations of alleles, a property that can be used for genetic 
screening to identify interactions between gene products. Furthermore, the fundamental 
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mechanisms of splicing appears to be highly conserved, meaning that splicing mechanisms 
observed in yeast are expected to closely mirror those in humans. Therefore, research questions 
that are prohibitively difficult to answer using human cells can be explored in yeast and then the 
homologous systems can be identified in humans by using bioinformatics. 
1.4 U6 and U4 snRNPs 
1.4.1 U6 snRNA 
The U2, U5, and U6 snRNPs have been demonstrated to be the only snRNAs necessary 
for the catalytic step of splicing and they combine to form the C complex (Umen & Guthrie, 
1995). Of all the snRNPs involved in splicing, U6 is the most sensitive to mutation and also has 
the highest degree of homology among the snRNAs (Guthrie and Patterson, 1988). It also shows 
parallels in structure, electrostatic environment, and magnesium ion binding sites to the effector 
domain of the group II self-splicing introns (Seetharaman et. al, 2006). It has been suggested 
that the U6 snRNA and group I self-splicing introns originated from the same ancestral RNA 
sequence (Tani et. al, 1992). U6 snRNA contains a highly conserved ACAGAG box that binds 
the 5' splice site (Hilliker & Staley, 2004). The U6 snRNA interacts with the 5' splice site 
sequence via the ACAGAG box while U2 snRNA interacts with the branch site sequence. Thus 
base pairing between U2 and U6 could serve to juxtapose the branch site adenosine with the 5' 
splice site (Staley & Guthrie, 1998). U6 also coordinates a key magnesium at a catalytic stage of 
splicing (Yean et. al, 2000), providing further evidence that U6 is the major catalytic component 
of the spliceosome. 
Prior to entry of the U6 snRNA into the spliceosome the U6 snRNA/P exists as part of 
the U4/U6 snRNP (Brow & Guthrie, 1988). It has been proposed that the considerable base 
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pairing between U4 snRNA and U6 snRNA in the U4/U6 snRNP causes the U4 snRNP to act as 
a molecular chaperone for the catalytically active U6 snRNP (Umen & Guthrie, 1995). 
The proteins associated with the U6 snRNP increase the efficiency of U4 and U6 snRNP 
interaction to form the U4/U6 snRNP. These proteins include Prp24p (Rader & Guthrie, 2002) 
and the LSm proteins (Mayes et. al, 1999; Achsel et. al, 1999). Mass spectrometry analyses 
and two-hybrid experiments have shown that seven LSm proteins are associated with the free U6 
snRNP and are present in U4/U6 snRNP (Achsel et. al, 1999; Stevens et. al, 2001) and that 
Prp24p interacts with several of the LSm proteins (Rader & Guthrie, 2002). The LSm proteins 
have been found to increase the rate of formation of U4/U6 snRNA from naked U4 RNA and 
LSm-associated U6 snRNA in vitro (Achsel et. al. 1999). Additionally, Prp24p has been shown 
to increase the rate of U4/U6 snRNP formation in vitro (Rader & Guthrie, 2002). Prp24p is not 
normally found associated with the U4/U6 snRNP, but is found associated with U4/U6 snRNP in 
a strain with the U4 G14C mutation (Jandrositz and Guthrie, 1995) and Prp24p shows high 
binding affinity for the naked U4/U6 RNA (Ghetti et. al., 1995). However, the relationship 
between U6 snRNP, Prp24p and the U4 snRNA/P is ambiguous as there are no published reports 
of Prp24p physically interacting with the U4 snRNA/P. 
1.4.2 U4 snRNA/P 
While the U4 RNA is not necessary for active splicing of pre-mRNA under in vitro 
splicing conditions (Umen and Guthrie, 1995), it is an essential gene and U4 RNA-deleted 
strains are nonviable (Saccharomyces Genome Database). The U4 snRNA from S. cerevisiae is 
160 nucleotides long (Siliciano et. al., 1987), and while it is unknown exactly what post-
transcriptional modification may occur, the U4 RNA is known to lack pseudouridines (Massenet, 
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1999). Myslinski and Branlant (1991) proposed a secondary structure for the naked free U4 
snRNA based upon conserved complimentary sequences (Figure 2), which Mougin et. al. (2002) 
experimentally confirmed by structure probing. In addition, Mougin et. al. (2002) found that 
G34 and G35 base pair with C43 and C42 respectively. 
All of the spliceosomal snRNA/Ps characterized to date have been found to associate 
with a set of core splicing proteins that act as nuclear localization signals (Hartmuth et. al, 1999; 
Will & Luhrmann, 2001). Following this pattern of Sm-association, the U4 snRNP is believed to 
have a complement of associated proteins. The characterization of the U6 snRNP by Karaduman 
et. al. (2006) demonstrated that the RNA component of the U6 snRNP is in a more 'open' 
configuration than the naked U6 RNA, resulting in more bases being exposed to the solvent. 
Based on the U6 snRNP characterization, it is expected that the U4 snRNP will have a different 
conformation than the naked U4 RNA structure shown in figure 2. 
1.4.3 Known protein structural interactions 
The U4 snRNA interacts with a set of seven Sm proteins (B/B', D3, D2, Dl, E, F, and G) 
in the U4/U6 and U4/U6«U5 snRNPs and probably interacts with them in the free form (Table 
1). The Sm proteins form the snRNP Sm core structure that is detected in each of the Ul, U2, 
and U5 snRNPs (Will & Luhrmann, 2001) and appear to interact with a uridine-rich tract that is 
also present in the U4 RNA (Figure 2). The Sm proteins cause an unusual chemical reactivity to 
dimethyl sulfate in an adenosine residue of the Sm binding sequence, which strongly correlates 
with nuclear localization (Hartmuth et. al, 1999). The nuclear localization of the U6 snRNP 
prior to U4/U6 snRNP formation indicates that the Sm proteins interact with the free U4 snRNP 
prior to U4/U6 snRNP formation and act as a nuclear localization signal. 
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Figure 2. Myslinski & Branlant model of free U4 snRNA with known RNA and protein 
binding sites labeled. 
Several other proteins that are detected in the U4/U6 and U4/U6»U5 snRNPs appear to be 
associated with the U4 snRNP. Snul3p interacts with the 5' stem loop of the U4 snRNA in the 
U4/U6 and U4/U6-U5 snRNPs through the kink-turn motif in the 5' loop of the U4 RNA 
(Nottrott et. ai, 1999; Vidovic et. ah, 2000). This structural motif is also present in the naked 
yeast U4 RNA (Mougin, 2002), consistent with Snul3p binding in the U4 snRNP. Nottrott et. 
al. (1999) demonstrated that addition of U4 snRNA 5' stem-loop oligonucleotides sequesters the 
human homolog 15.5 kD, reducing splicing by -90% in human HeLa cells in vivo and in vitro. 
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Furthermore, Nottrott et. al. (1999) demonstrated that splicing complex B accumulates in vivo 
under the same conditions and that the oligonucleotides do not sequester the 15.5 kD protein 
from the U4/U6»U5 snRNP indicating that the 15.5 kD protein is only accessible in complex B. 
Based upon the direct binding of Snul3p for the U4 RNA, it is a strong candidate for a U4 
snRNP component. 
Another U4/U6 snRNP-associated protein, Prp4p is found associated with the U4/U6 di-
snRNP (Stevens 2000); it is found to have a strong interaction with the 5' portion of the U4 
snRNA and a lesser interaction with the U6 snRNA (Xu et. al, 1989). In addition, a report by 
Bordonne et. al. (1990) showed that Prp4p was co-immunoprecipitated by anti-Prp24p 
antibodies in the absence of U6 RNA indicating the possibility that a Prp24p-associated U4 
snRNA/P was bound by Prp4p. Furthermore, U4/U6 snRNPs that were subsequently subjected 
to degradation of U6 by RNase H cleavage resulted in the detection of two complexes containing 
U4 RNA (Fabrizio et. al, 1989). Characteristics of the resulting complexes indicate that at least 
one of the U4/U6 snRNP-associated proteins remained associated with the U4 RNA in absence 
of U6 RNA. Another protein, Prp3p, is associated with the U4/U6 snRNP (Anthony et al., 
1997). Prp3p and Prp4p interact and are necessary for cell viability (Ayadi et. al, 1998). The 
interactions between Prp4p and U4 RNA in the U4/U6 snRNP and the interaction between Prp4p 
and Prp3p suggests that they are the proteins that remain associated with the U4 RNA after U6 
RNA degradation. 
Prp31p is a protein that was purified in the U4/U6»U5 snRNP complex (Stevens and 
Abelson, 1999). Immunoprecipitation of the Prp31p homolog from human cells, protein 61K, 
results in a U4:U6 RNA ratio of 1.61:1, not the expected ratio of 1:1 due to the U4/U6 snRNP 
(Stanek and Neugebauer, 2004). This enrichment of U4 RNA co-immunoprecipitating with 
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Prp31p indicates that Prp31p associates with U4 RNA in the absence of U6 RNA, meaning that 
Prp31p may be associated with the free U4 snRNP in human cells. Similar enrichment was also 
detected for the human versions of Prp4p and Prp3p. 
1.4.4 Kissing Loop 
It has been suggested that the U4 and U6 snRNPs form the U4/U6 snRNP via a transient 
interaction of a 5' loop on the U4 snRNA and a 3' loop on the U6 snRNA that nucleates the 
formation of stem II of the U4/U6 di-snRNP (Figure 3). Structural probing by Karaduman et. al. 
(2006) demonstrated that the 3'-intramolecular stem loop of the U6 snRNP is amenable to 
formation of a kissing loop structure to act in formation of the U4/U6 snRNP. 
While indirect studies of the U4 snRNP do give some insight into its structure and interactions, 
free U4 snRNP has not been isolated and its associated proteins have not been identified. 
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Table 1. U4/U6, U6 and potential U4-associated proteins. 
U4/U6-associated 
LSm2 
LSm2 
LSm3 
LSm4 
LSm5 
LSm6 
LSm7 
LSm8 
Prp3 
Prp4 
Prp31 
Cprl 
Snul3 
SmB/B' 
SmDl 
SmD2 
SmD3 
SmE 
SmF 
SmG 
U6-associated 
LSm2 
LSm2 
LSm3 
LSm4 
LSm5 
LSm6 
LSm7 
LSm8 
Prp24 
Potential U4-associated 
Prp3 
Prp4 
Prp31 
Cprl 
Snul3 
SmB/B' 
SmDl 
SmD2 
SmD3 
SmE 
SmF 
SmG 
Reference 
Stevens & Abelson, 1999; 
Karaduman et. al, 2006 
Stevens & Abelson, 1999; 
Karaduman et. al, 2006 
Stevens & Abelson, 1999; 
Karaduman et. al, 2006 
Stevens & Abelson, 1999; 
Karaduman et. al, 2006 
Stevens & Abelson, 1999; 
Karaduman et. al, 2006 
Stevens & Abelson, 1999; 
Karaduman et. al, 2006 
Stevens & Abelson, 1999; 
Karaduman et. al, 2006 
Stevens & Abelson, 1999; 
Karaduman et. al, 2006 
Karaduman et. al., 2006 
Stevens & Abelson, 1999 
Stevens & Abelson, 1999 
Stevens & Abelson, 1999 
Zhou<?f. al, 2002 
Stevens & Abelson, 1999 
Stevens & Abelson, 1999 
Stevens & Abelson, 1999 
Stevens & Abelson, 1999 
Stevens & Abelson, 1999 
Stevens & Abelson, 1999 
Stevens & Abelson, 1999 
Stevens & Abelson, 1999 
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Figure 3. Kissing Loop Model of U4 snRNA. The 5'-hairpin loop is complimentary to a 
similar hairpin loop that may occur in the U6 snRNP. The 'kissing' of the complimentary 
loops may act as a nucleus for annealing of the U4 and U6 RNAs. 
1.4.5 The role of the U4 snRNP in the splicing cycle. 
The U4 snRNA is an anomaly among the spliceosomal snRNAs. It does not appear to 
have any physical interactions with the pre-mRNA and has not been detected in the active 
spliceosome. As such, it does not appear to play a role in the active, catalytic spliceosome. 
However, the U4 snRNA is a necessary component of the U4/U6 snRNP and U4/U6»U5 snRNPs 
and is necessary for the movement of the catalytic U6 snRNA and the U5 snRNA and their 
associated proteins into the growing spliceosome. Due to the stoichiometric ratios of U4:U6 
RNA in the cell, it is likely that the U4 snRNA/P acts as a limiting reagent in the formation of 
the U4/U6 snRNP (Stevens et. al, 2001). As a result, the stoichiometry of the U4 snRNA/P 
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regulates the movement of the U6 snRNA/P into the growing spliceosome. This rate limiting 
effect would make the formation of the U4/U6 snRNP a favourable regulatory step for 
commitment of the U6 snRNA/P to he spliceosome and an effective last 'check point' for 
splicing. The number of U4 snRNA/P molecules present in the cell can effectively control the 
rate of splicing by controlling the rate at which U6 snRNA/P enters the spliceosome. This 
system seems inefficient, in that the excess U6 seems unnecessary if the pathway for movement 
into the spliceosome requires U4 snRNA/P. The disparity in stoichiometry therefore suggests 
that the excess U6 snRNA/P acts as a reservoir in readiness for sudden bursts of splicing activity. 
1.4.6 Prp24p and U4/U6 snRNA/P formation 
PRP24 was initially identified as a splicing-related gene in a genetic screen that selected 
for temperature-sensitive mutations that affected splicing efficiency (Vijayraghavan et. ah, 
1989). A PRP24 allele was subsequently identified as a suppressor of U4-G14C, a cold-sensitive 
mutation in the U4 RNA, predicted to destabilize the U4/U6 base pairing interaction (Shannon & 
Guthrie, 1991). Prp24p contains four RNA Recognition Motifs (RRMs), each of which are 
believed to recognize and bind RNA sequences in the U6 snRNA and, possibly, the U4 snRNA 
(Rader & Guthrie, 2002). Immunoprecipitation with Prp24p antibodies results solely in co-
precipitation of U6 snRNA and additional purification methods have also co-isolated Prp24p and 
U6, further confirming this interaction (Shannon & Guthrie, 1991; Stevens et. ah, 2001). In the 
U4-G14C strain, Prp24p antibodies also co-immunoprecipitated both U4 and U6 RNAs 
(Shannon & Guthrie, 1991). However, at the same salt concentration (500 mM), Prp24p only 
co-immunoprecipitated with U6 in wild type extracts (Shannon & Guthrie, 1991). At lower salt 
concentrations (50-150 mM) Prp24p also co-immunoprecipitates U4/U6 RNA, indicating a 
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weaker interaction (Rader & Guthrie, 2002). 
The fourth, less conserved, RRM was identified in PRP24 by comparison of the S. 
cerevisiae PRP24 sequence to other fungal sequences (Figure 4) (Rader & Guthrie, 2002). An 
additional conserved decapeptide sequence was also identified near the C-terminus, referred to as 
the C-terminal motif (CTM) as shown in figure 4 (Rader & Guthrie, 2002). 
Figure 4. Relative locations of conserved domains in Prp24p including RNA Recognition 
Motifs RRM1, RRM2, RRM3, and RRM4 and the C-Terminal Motif (modified from Rader 
& Guthrie, 2002). 
There are a variety of genetic and interaction data evaluating the relationship between 
Prp24p and the U4 and U6 snRNA/Ps. Several alleles of Prp24p suppress temperature-sensitive 
mutations in the U6 snRNA, such as the suppression of the U6-A62G cold-sensitive growth 
phenotype by the alleles R158S (RRM2) and F257I (RRM 3). Subsequent systematic genetic 
analyses of RRM functions resulted in the identification of knock-out substitutions of each of the 
RRMs in which most commonly conserved residues in the RNP motifs were substituted with 
alanines to create RRM 1 sub, RRM2sub, RRM3sub and RRM4sub. RRMsubl was initially 
reported to exhibit a normal growth phenotype; however, a subsequent sequence alignment 
revealed that the substituted residues were not conserved and a new RRM1 knockout was 
created, F87A (Kwan and Brow, 2005). The F87A allele was temperature-sensitive, indicating 
that RRM1 is also a necessary motif for Prp24p function. RRM2sub was reported to exhibit a 
lethal phenotype, while RRM3sub was extremely heat sensitive (Vidaver et. al, 1999). Although 
RRM4sub exhibits a strong temperature sensitive phenotype, there appears to be a genetic 
interaction between the RRM 1 sub and RRM4sub mutations (Rader & Guthrie, 2002). The allele 
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combination RRMlsub/4sub was reported to exacerbate the RRM4sub temperature sensitive 
phenotype, indicating partial complementarity between these RRMs. 
Due to the C-terminal motifs high degree of conservation an allele of PRP24 with the 
last 10 conserved residues deleted (A10) was created (Rader & Guthrie, 2002). The A10 
construct was reported to be cold sensitive, in contrast to mutations in the other domains of 
Prp24p, which were temperature sensitive. As seen with RRMs 1 and 4, there were some genetic 
interactions between the mutant domains in prp24 including the RRMs and the CTM. The 
RRMlsub/2sub and RRMlsub/3sub alleles were lethal (Rader, unpublished) as are 
RRM2sub/RRM4sub and RRM3sub/RRM4sub (Rader & Guthrie, 2002). The phenotype of the 
combination of RRM2sub and RRM3sub has not yet been determined, however, it is expected to 
be lethal due to the phenotype of RRM2sub. The RRMlsub/AlO combination is both cold 
sensitive and temperature sensitive. However, combinations of A10 with the other RRMsubs 
(RRM2sub/A10, RRM3subA10, RRM4sub/A10) are all lethal (Rader & Guthrie, 2002). In 
addition, non-complementarity between the RRM2sub and RRM3sub alleles demonstrates that 
RRM2 and RRM3 are as-functioning and that the RRM3sub phenotype is dominant (Vidaver et. 
al, 1999). RRM3sub also suppresses the U6-A62G cold-sensitive phenotype. Another proposed 
hyperstabilizing mutation in U6 with a severe cold-sensitive phenotype, U6-A62U/C85A, is 
suppressed by both the R158S and F257I mutations. Interestingly, the U6-A62U/C85A allele 
does not result in U4 RNA accumulation, indicating that the cold-sensitive growth phenotype is 
not the result of a defect in U4/U6 RNA/P formation. 
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Figure 5. Proposed secondary structure of the U6 snRNA. (Adapted from Ryan & 
Abelson, 2002). 
Genetic analyses on the proposed telestem region of U6, to explore the effects of 
hyperstabilization and destabilization on the telestem demonstrate an important relationship 
between Prp24p and U6 RNA sequence and structure. The U6-A62G cold-sensitive phenotype 
is suppressed by predicted destabilizing mutations at U6-39/92, U6-40/89, U6-36-37/94-95, and 
U6-41-42/87-88 (Figure 5, Vidaver et. al., 1999). While compensatory mutations at U6-36-
37/94-95 reverted the suppression phenotype, compensatory mutations for the other suppressing 
substitutions does not revert the phenotype. This lack of reversion weakens the previous 
argument that the U6-36-37/94-95, U6-39/92, and U6-40/89 residues primary function is base 
pairing in the telestem (Vidaver et. al., 1999). 
Biochemical analyses of the relationship between Prp24p, U6, and U4/U6 demonstrates 
that Prp24p interacts with U6 via protein-protein and protein-RNA interactions. However, prior 
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to performing analyses of RNA levels in vivo it is necessary to understand the biological effects 
of the techniques used. Expression of the U6 gene on a plasmid results in increased expression 
of the U6 gene compared to a chromosomal copy (Vidaver et. ah, 1999). This results in an 
increase in the U4/U6 RNA/P, with a concomitant decrease in free U4 RNA/P. Based on this 
phenomenon, it appears that increased expression of U6 RNA can cause increased U4/U6 
RNA/P formation by mass action. While increased expression of U6 increases U4/U6 levels, it 
does not suppress the cold-sensitive phenotype of the U6-A62G cold-sensitive mutation, also 
indicating that that cold-sensitivity does not correlate to a defect in U4/U6 RNA/P formation 
(Vidaver et. al., 1999). Additional alleles that affect or were expected to affect U4/U6 RNA/P 
formation are listed in table 2 with the observed U4 RNA/P accumulation phenotype. 
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Table 2. Known U6, U4 and Prp24 alleles that result in U4 RNA accumulation. 
Alleles 
U6RNA 
A62G 
U38A 
G39A 
A40G 
A42G 
C43U 
G55U 
C61U 
A62C 
A62U 
G63A 
C85U 
G86U 
U87G 
C92A 
C67A, U4-G14U 
C66U 
C85A 
A62U, C85A 
U4RNA 
G14U 
A66U, A67U, A68G 
Prp24 
R158S 
F257I 
A10 
U4RNA 
accumulation (%) 
55,64 
27 
25 
35 
45 
51 
53 
26 
26 
20 
19 
22 
24 
29 
32 
WT 
WT 
WT 
WT 
79 
WT 
28 
34 
70 
Reference 
Formers, al, 1994, 
Vidaver & Brow, 1999 
Fortner et. al, 1994 
Formers, al, 1994 
Fortner et. al, 1994 
Fortner et. al, 1994 
Fortner et. al, 1994 
Fortner et. al, 1994 
Fortner et. al, 1994 
Fortner et. al, 1994 
Fortner et. al, 1994 
Fortner et. al, 1994 
Fortner et. al, 1994 
Fortner et. al, 1994 
Fortner et. al, 1994 
Fortner et. al, 1994 
McManus ef. al, 2007 
Fortner et. al, 1994 
Fortner et. al, 1994 
Vidaver & Brow, 1999 
McManus et. al.,2007 
Kuhn et.al, 1999 
Vidaver & Brow, 1999 
Vidaver & Brow, 1999 
Rader & Guthrie, 2002 
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To better understand the role(s) of Prp24p it is necessary to understand the structures in 
which the U4 and U6 RNAs are involved. Based on genetic and phylogenetic evidence, the U6 
RNA has been proposed to form an extended duplex region, the telestem, encompassing U6-36-
42 and U6-89-95 (Figure 5). Ryan et. al. (2002) performed mutational analyses to determine the 
effect of mutations within the telestem on U6 snRNP binding by Prp24p as well as on in vitro 
splicing. They found that base pairing between U6-36-39 and U6-92-95 is necessary to maintain 
Prp24p co-immunoprecipitation of U6 RNA/P. This base pairing requirement appears to be 
insensitive to sequence composition. In contrast, destabilization of the potential U6-40-43/86-89 
duplex does not significantly affect Prp24p co-immunoprecipitation of U6, U6 biogenesis, or 
pre-mRNA splicing. Furthermore, some substitutions in that region can result in an apparent 
increase in Prp24p competency for the previously mentioned activities. In addition, there is a 
requirement for adenosine residues at U6-40-42 with mutations displaying a substantial loss in 
Prp24p binding, U6 snRNA/P biogenesis, and splicing. Alignment of U6 genes from other 
species reveals that there is a consensus sequence for residues 40-42, purine-adenosine-purine. 
In addition, there is no equivalent potential for base pairing between 40-42 and 87-89 seen in 
other organisms as seen in S. cerevisiae, indicating that base pairing in this region is not 
important for U6 function (Ryan et. al., 2002). 
Mutational analyses of Prp24p also demonstrate a relationship between Prp24p and U6 
snRNA/P that affects U4/U6 snRNP formation. The prp24 alleles, R158S and F257I, are 
reported to cause a moderate defect in U4/U6 snRNP formation (Vidaver et. al., 1999). 
However, these alleles each suppress the defect in U4/U6 snRNP formation, caused by the U6-
A62G mutation, close to wild type levels. The R158S and F257I alleles also suppress the U6-
A62U/C85A cold-sensitive allele that does not exhibit a defect in U4/U6 accumulation. 
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Therefore, the suppression of the defect in U4/U6 snRNP formation is likely a consequence of 
the cold-sensitive phenotype suppression, not the source of suppression. Interestingly, telestem 
destabilizing mutations exacerbate the temperature-sensitive phenotype of the R158S allele but 
not the F257I allele of prp24 (Vidaver et. al, 1999). 
Similar analyses of the A10 allele demonstrate that A10 results in a U4/U6 snRNP 
formation defect with concomitant increases in U4 and U6 snRNA/Ps (Rader & Guthrie, 2002). 
In addition, Prp24p co-immunoprecipitation of U6 snRNP is also reduced. Two-hybrid analyses 
of PRP24 and LSm proteins (2-8) show that there is an interaction between Prp24p and all of the 
LSms except for LSm3. These interactions are abolished by the A10 allele except for the 
interaction with LSm6, indicating that the CTM is necessary for functional LSm interaction with 
Prp24p. Furthermore, the interaction between Prp24p and the LSm proteins can be interrupted 
by the inclusion of a protein construct that contains 90 residues of the Prp24p C-terminus to the 
assay. Comparison of A10 and wild type Prp24p annealing of U4 and U6 snRNPs released from 
immunoprecipitated Brr2 particles demonstrates that the CTM is necessary for efficient U4/U6 
formation. However, the Vmax (-160 fM/s) is approximately equal for both alleles, indicating 
that the CTM does not play a significant catalytic function (Guthrie & Rader, 2002). This lack 
of catalytic function is consistent with the U4 and U6 RNA-apposition function described by 
Vidal et. al. (1999). An additional set of U6 RNA-associated proteins appear to be involved in 
the formation of U4/U6 snRNP. Association of the LSm proteins with U6 RNA also increases 
the rate of U4/U6 RNA annealing in vitro above that of the naked U6 and U4 RNA (Achsel et. 
al, 1999). Furthermore, an analysis of U4/U6 snRNP formation using U4 and U6 snRNPs 
released from immunoprecipitated Brr2 particles, demonstrated that annealing by Prp24p is 
strongly enhanced by the protein complement of the snRNPs (Raghunathan & Guthrie, 1998). 
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The annealing of the deproteinized U4 and U6 RNAs released from the particles was reduced by 
more than 100-fold. 
Analysis of Prp24p binding affinity for U4 and U6 RNA demonstrates that Prp24 has 
higher affinity for U6 than U4 RNA and a considerably higher affinity for U4/U6 RNA than for 
either U4 or U6 alone (Ghetti et. ai, 1995). The high affinity for U4/U6 RNA suggests that a 
nucleic acid structural feature is important in addition to sequence for Prp24p binding. Hydroxyl 
radical probing of Prp24p-bound U6 RNA and Prp24p-bound U4/U6 RNAs under saturating 
conditions revealed distinct protected regions in both RNAs. However, it is unclear how the 
observation by Kwan and Brow (2005) that multiple Prp24p molecules are capable of binding to 
the U6 RNA affects the interpretation of these protection data (Ghetti et. ai, 1995; Kwan & 
Brow, 2005). Systematic Evolution of Ligands by Exponential enrichment (SELEX) of Prp24p 
binding RNA aptamers yielded aptamers with binding affinities similar to that of the U4/U6 
RNAs. These aptamers had a conserved motif, 5'-CCCU-3' as illustrated in figure 6 (Ghetti et. 
ai, 1995). As can be seen in figure 6 the consensus motif requires that part of the CCC motif 
needs to be single-stranded. Mutational analysis of U4/U6 RNA confirms that perfect duplex 
formation in the consensus sequence decreases Prp24p binding affinity. In addition, 
compensatory mutations in the consensus reduce binding while similar mutations at outside of 
this region at U4-A11U and U6-U70A do not affect binding. Further mutational analysis of the 
U6 RNA in the region identified by hydroxyl radical footprinting demonstrates that residues in 
region 39-57 contribute to Prp24 binding. Additionally, the U4 RNA mutations with a cold-
sensitive phenotype were evaluated for differences in Prp24p binding affinity. The U4-G14C 
and U4-G13C RNAs do not exhibit a change in Prp24p binding affinity with change in 
temperature as the wild type RNA does, indicating a possible source of the observed cold-
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sensitivity (Ghetti et. al, 1995). 
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Figure 6. High affinity Prp24p RNA binding target identified by SELEX. The most 
conserved residues of the Prp24p-binding motif are highlighted (Ghetti et. al, 1995). 
Kwan & Brow (2005) performed a systematic mutational analysis of Prp24p binding to 
U6 RNA using Prp24p variants including wild type, N1234 (missing CTM), N123 (missing 
RRM4 and CTM), and 234C (missing N-terminus and RRM) and evaluated the contribution of 
several of the RRMs to Prp24p binding of U6. N1234C and N1234 were capable of forming 
complexes containing two Prp24ps per U6 RNA whereas N123 formed complexes containing 
three protein molecules and 234C complexes only contained one Prp24p. Cooperativity in 
binding of U6 by the wild type Prp24p was detected. In addition, the 234C construct exhibited 
diminished binding affinity for U6 RNA, indicating the RRM1 and/or the N-terminus plays a 
major role in binding. Further, supporting the binding contribution of RRM1, 234C was 
relatively unaffected by the U6-UA and U6-A79G substitutions known to result in a cold-
sensitive phenotype whereas Prp24p constructs containing RRM1 demonstrate significantly 
reduced binding compared to wild type. Kwan & Brow's (2005) mutational analysis also 
identified three binding sites for Prp24p on U6 RNA with a high-affinity binding site located 
between residues 47 and 58. The identification of the binding sites agrees relatively well with 
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two of the protected sites from a chemical probing study of U6 snRNA and snRNP (Jandrositz & 
Guthrie, 1995) 
In a genetic study to determine the role of a strongly conserved sequence in U4 (AAAG) 
adjacent to stem I of the U4/U6 snRNP, the sequence was substituted for GUUG (U4-csl), 
resulting in a cold-sensitive allele that exhibits wild type U4/U6 RNA levels (Kuhn & Brow, 
2000). Therefore, the U4-csl allele results in a splicing defect after U4/U6 RNA formation, but 
prior to the first step in splicing, suggesting that a splicing factor couples U4/U6 snRNA/P 
unwinding with recognition of the 5' splice site by U6 (Li & Brow, 1996). A subsequent genetic 
screen for extra-genetic suppressors of U4-csl was used to identify a temperature-sensitive 
Prp8p allele as a suppressor of the cold-sensitive phenotype (Kuhn et. al, 1999). The prp24 
alleles, R158S and F257I, synthetically enhance the U4-csl growth defect, consistent with the 
proposal that Prp24p and Prp8p have opposite effects on a step subsequent to U4/U6 snRNP 
formation (Kuhn & Brow, 2000). 
Another PRP24 genetic interaction identified in a screen for suppressors of prp24-l, a 
temperature-sensitive mutation that results in the accumulation of pre-mRNA at the non-
permissive temperature, identified a prp21 allele (prp21-2) as a suppressor (Vaidya et. al, 1996). 
The allele, prp21-2, also suppressed the accumulation of pre-mRNA caused by prp24-l. In 
addition, prp21-2 also exhibits a temperature-sensitive phenotype and accumulation of pre-
mRNA at the non-permissive temperature. This genetic interaction between PRP24 and PRP21 
is allele specific for prp21-2 and prp24-l. Intriguingly, Prp21p is a U2 snRNP-associated protein 
and Vaidya et. al. (1996) have reported that they detected the presence of Prp21p in the pre-
spliceosome complex prior to U4 RNA unwinding from U4/U6 snRNP. The presence of Prp21p 
in this complex suggests an opportunity for interaction between Prp21p and Prp24p, if Prp24p 
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were associated with the U4/U6 snRNA/P in this complex as suggested by the detection of 
Prp24p associated with U4/U6 snRNP by Rader & Guthrie (2002). 
1.4.7 Early versus Late function models 
Two models exist for Prp24p functions that potentially explain the available data (figure 
7). As previously described, Prp24p is strongly associated with the U6 snRNP in vivo and 
weakly associated with U4/U6 snRNP. As well, Prp24p increases the rate of in vitro formation 
of both U4/U6 snRNP and snRNA. Furthermore, substitutions of many conserved residues 
reduce levels of U4/U6 snRNP in vivo and cause growth defects. Therefore, Prp24p is necessary 
for effective U4/U6 snRNP formation and biogenesis of the U4/U6U5 snRNP. Prp24p appears 
to perform this function by apposition of U4 and U6 snRNA/Ps so that base pairing can occur, as 
base pair formation is the rate-limiting step in forming the U4/U6 RNA (Vidaver et. al., 1995). 
These observations support an early function model, in which Prp24p is associated with the U6 
snRNP, bringing it into close apposition with U4 snRNA/P by unknown means and subsequently 
leaving upon formation of the U4/U6 snRNP. Another, 'late function' model for Prp24p function 
has been proposed based upon some intriguing observations of Prp24p behaviour. In the late 
function model, Prp24p re-associates with the U4/U6 RNA within the context of the pre-
spliceosome and functions in the unwinding of the U4 RNA from the U6 RNA by stabilizing the 
structure of the U6 RNA. There are several interactions that have been observed for Prp24p that 
are not accounted for in the early function model. These include the suppression of prp24-l by 
prp21-2, and vice-versa. While Prp24p and Prp21p have not been physically identified in the 
same complex or in any direct interaction, some researchers have demonstrated that prp24-l and 
prp21-2 alleles are capable of suppression in an allele-specific manner (Vaidya et. al., 1996). 
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Figure 7. Proposed early and late function functions of Prp24p. Prp24p functions as an 
annealing factor for U4 and U6 snRNA/Ps and has been proposed to act at a subsequent 
step as a factor that increased the rate of U4 snRNA/P release (Ghetti et. al., 1995). 
The unpublished report described by Vaidya et. al. (1996) that Prp21p can be identified in the 
same pre-spliceosome complex as the U4/U6 snRNAs and the report by Rader & Guthrie (2002) 
that Prp24p is loosely associated with the U4/U6 snRNP expands the potential for Prp24p-
Ppr21p interactions and provides the strongest evidence for a late function. However, while 
these two observations are consistent with the late function of Prp24p, they do not provide 
supporting evidence. Another potential genetic interaction, the previously described correlation 
between Prp8p and Prp24p, is also consistent with the late function of Prp24p. Prp8p is a 
splicing protein associated with the U5 snRNP that is proposed to govern unwinding of U4/U6 
RNA for pre-spliceosome activation (Kuhn et. al, 1999). However, while providing data 
consistent with the late function, the researchers did not demonstrate a direct relationship 
between altered Prp8p and Prp24p function such as complementarity or synthetic interactions. 
It has also been observed that the U6-A62G mutation results in a cold-sensitive 
phenotype and a defect in U4/U6 snRNP formation in vivo. In contrast, the U6-A62U/C85A 
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mutation results in a cold-sensitive phenotype but no defect in U4/U6 snRNA formation, 
implying that the cold-sensitive phenotype observed for U6-A62 substitutions is not the result of 
a defect in U4/U6 snRNA formation. However, the relationship of these observations to the 
early and late functions is unclear due to lack of mechanistic details in both models. The 
extension of the lower intramolecular stem loop (ISL) is suggested to result from U6-A62G and 
U6-A62U/C85A, which are assumed to hyperstabilize U6, preventing U4/U6 RNA base pairing. 
However, both mutations increase the stems' stability; thus differences in U4/U6 RNA formation 
between these mutants occurs at a hypothetical second step. This second step is consistent with 
both models, thus, it does not provide supporting evidence for either model. Another more 
mechanistic observation, comparing the unwinding step of human U4/U6 to that of yeast, is also 
consistent with the late function model. Deproteinized human U4/U6 contains a ds-acting 
element, the 3'-stem, that appears to promote U4/U6 dissociation, implying that human U4/U6 
dissociation may not require a dissociation factor during spliceosome activation (Brow & 
Vidaver, 1995). While S. cerevisiae U4/U6 RNA base pairing is much more stable than that of 
human U4/U6, it was proposed that the energy provided by structural rearrangements, not 
helicase activity, drives U4/U6 dissociation. However, yeast U6 would need to be stabilized by a 
trans-element, Prp24p, for this to occur. While conceptually interesting, the application of 
mechanisms from the human U4/U6 dissociation to the yeast U4/U6 does not provide evidence 
for Prp24p late function. 
As described above, there are considerable data supporting the early function model of 
Prp24p function. However, the current early function model is not sophisticated enough to 
incorporate and explain all of the experimental data in a comprehensive manner. For example, 
there is a U4/U6 RNA-formation defect found in U6-A62G but not in U6-A62U/C85A, which 
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exhibit similar cold-sensitive phenotypes and are rescued by the same PRP24 alleles. In 
summary, while there is a lack of understanding of the mechanistic step by which Prp24p 
functions in the early function, there is evidence supporting the early function model. In 
contrast, the late function model is consistent with the evidence supporting early function, but 
has relatively little supporting evidence of its own. 
1.5 Research Objectives 
As mentioned above, the relationship between the U4 and U6 snRNAs and their 
interactions are currently under study from several distinct directions. However, there is 
considerable controversy over the role of Prp24p and its effect(s) on formation of the U4/U6 
snRNP. Studies to date have produced some evidence that supports both early and late function 
models of Prp24p activity as well as a potential kissing loop nucleation event in U4/U6 snRNA/P 
formation. However, the majority of the evidence for Prp24p function is from genetic studies, 
and therefore, the result of functional correlation. The results of a structural study by 
Karaduman et. al. (2006) have produced a strong model of the U6 snRNP prior to formation of 
the U4/U6 snRNP that limits the possible number of structural interactions of the U6 snRNA and 
provides a mode of activity for Prp24p on the U6 snRNP. The goal of this thesis is to lay the 
groundwork for developing a similar model for the U4 snRNP, limiting the number of possible 
interactions by further characterizing the second substrate of Prp24p, thereby providing a solid 
basis for interpretation of this ambiguous relationship. The first aim of this study is to identify 
mutations that result in accumulation of free U4 snRNP and to determine the effect of various 
Prp24p mutations on Prp24p function as detected by free U4 RNA accumulation. The second 
aim is to determine whether the accumulated U4 RNA is an RNP and, if so, to determine the 
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approximate protein mass associated with the U4 RNA. The third aim of this research is to 
purify the free U4 snRNP by affinity chromatography and identify the associated proteins by 
mass spectrometry. 
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Chapter 2 
Identification of U4 RNA-accumulating alleles and 
functional characterization of Prp24 
A necessary first step towards isolating and characterizing the free U4 snRNP is to 
generate U4 snRNP by accumulation in vivo. The U4/U6 snRNA-annealing factor Prp24p was 
the logical mechanism for this accumulation. The following chapter describes the experimental 
methods used to characterize the free U4 RNA levels resulting from various alleles of Prp24. 
Subsequently, the experimental results are presented, followed by analysis and discussion of the 
functional relationship between Prp24p alleles and free U4 RNA levels. 
2.1 Methodology 
2.1.1 Preparation of prp24-allele containing yeast strains 
To create a complete library (Table 2) of the available cloned-Prp24 alleles, plasmids 
containing R158S, F257I, 3sub, L94P and F87A were isolated from storage in DH5a E.coli by 
growth in 50 fig/ml carbamacilin-containing LB broth. After overnight growth the plasmids 
were prepared from the cells with a Qiaprep Spin Kit (Qiagen). 
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Table 2. Prp24 a] 
Prp24 Allele 
A10 
K50E/A10 
K50E 
lsub/AlO 
lsub 
lsub/4sub 
3sub/4sub 
4sub 
L94P 
F87A 
R158S 
3sub 
leles tested for U4 RNA accumulation by Northern Blotting 
Residue Location 
D434-E444 
K50E, D434-E444 
K50E 
F80A, F82A ,R84A, D434-
E444 
F80A, F82A ,R84A 
F80A, F82A ,R84A 
N253A, C255A, F257A, 
F352A, G354A, I356A 
F352A, G354A, I356A 
L94P 
F87A 
R158S 
N253A, C255A, F257A 
Domain Location 
CTM 
RRM1,CTM 
RRM1 
RRM1, CTM 
RRM1 
RRM1.RRM4 
RRM3, RRM4 
RRM4 
RRM1 
RRM1 
RRM2 
RRM3 
Growth Phenotype 
CS 
HS/CS 
CS 
HS/CS 
WT 
HS 
HS 
HS 
CS 
HS 
HS 
HS 
a) CS = impaired growth at 16°C, b) WT = normal growth at all temperatures, c) HS = impaired 
growth at 37°C 
Table 3. Genetic background for LSm8 allele strains tested for U4 RNA accumulation by 
Northern Blotting. 
Strain 
CY4 
BP1 
BP2 
BP4 
Genotype 
Mat a ura3, lys2, ade2, trpl, his3, leu2 
Mat a ura3, lys2, ade2, trpl, his3, leu2, LHP1::LEU2, lsm8-l, (pLHPl, ADE2, TRP1) 
Mat a ura3, lys2, ade2, his3, leu2, MET+, lys-, lsm8-l, LHP1::LEU2, (pLHPl, ADE2, 
TRP1) 
Mat a ura3, lys2, trpl, his3, leu2, MET+, lys-, lsm8-l 
2.1.2 High-efficiency LiOAc/DMSO transformation of yeast cells 
Subsequently, the plasmids were transformed into YSR108 (Mat a met lys his3Al leu2A0 
ura3A0 PRP24::KAN [pSE360 PRP24 CEN URA3]) or 109 (Mat a met lys his3Al leu2A0 
ura3A0 PRP24::KAN [pSE360 PRP24 CEN URA3]) created from the sporulation of BY4743 
#20854 (Research Genetics). YSR108 cells were grown in YPD liquid media or on YPD agar 
media and washed twice with 1 ml of water. The cells were made competent by treatment with 
TE/LiOAc mix (lxTE, 100 mM LiOAc). One microgram of plasmid DNA and -200 [ig of 
sonicated-salmon sperm were added to the competent cells and mixed gently by inversion. 
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Subsequently, 700 ul of PEG mix (40% PEG, lxTE, 100 mM LiOAc) was added to the cells and 
mixed by inversion. The mixture was then incubated at 30°C for 30 minutes. One-hundred 
microlitres of DMSO was mixed into the transformation mixture then incubated at 42°C for 22 
minutes. The cells were pelleted by centrifugation at 8,000 x g for 10 seconds and were 
resuspended in 200 ul of YPD. The cells were plated on histidine drop-out CSM agarose plates 
and grown at 30°C until colonies were visible. 
2.1.3 Plasmid Shuffle 
To identify cells that had lost the URA-marked plasmid containing wild type PRP24, 
colonies were streaked for growth on media containing 5-fluoro-orotic acid. Single colonies 
were then streaked onto YPD agar. 
2.1.4 Preparation of Saccharomyces cerevisiae sample cultures containing PRP24 
and LSm8 alleles 
Each strain was grown at 30°C for a minimum of three doublings to an optical density at 
600nm (ODeoo) between 1 and 3 in liquid YPD medium (Becton, Dickinson & Co., Spark MD, 
US Biological, Swampscott MA). Subsequently, the cultures were temperature shifted to non-
permissive temperature in order to exacerbate their growth phenotype. The cultures were either 
shifted to 37°C (heat-shift) or 16°C (cold-shift) for ~2 hours. The cultures were pelleted at 3750 
x g for 2 minutes at the non-permissive temperature. The pellets were washed twice with 1 ml of 
buffer AGK (10 mM HEPES pH 7.9, 1.5 mM MgC12, 200 mM KC1, 10% (v/v) glycerol) then 
pelleted at 8000 x g for 10s, flash frozen and stored at -80°C. 
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In addition to PRP24 alleles listed above, the strains described by Pannone et. al. (1998) 
containing the alleles of LSm8 shown in table 3 were also tested for U4 RNA accumulation. 
2.1.5 Total RNA extraction from cells 
Samples were lysed by bead-beating in the presence of phenol and chloroform. Two-
hundred microlitres of lysis buffer (0.5M NaCl, 0.2M Tris-Cl pH 7.5, 0.01M EDTA, 1% SDS) 
and 200 ul of phenol/chloroform/iso-amyl alcohol (30:29:1) pH 5-6 were added to -300 ul of 
cells along with -200 ul of 0.5 mm zirconia/silica beads (BioSpec). Care was taken so that the 
samples did not thaw until the lysis process had begun. The samples were vortexed at high-
speed for 1 minute intervals and alternated with incubation on ice for 1 minute periods. After ~8 
minutes of vortexing, 300 ul of each of the lysis buffer and the phenol/chloroform were added to 
the sample, followed by vortexing for 1 minute. Subsequently, the samples were centrifuged for 
2 minutes at 16,100 x g and the aqueous layer retained. The aqueous layer was repeatedly 
extracted by agitation with 300 ul phenol/chloroform until the interface between the aqueous 
layer and the phenol/chloroform was clear. The aqueous layer was repeatedly extracted with 
200uL of chloroform until the interface became clear and, subsequently, the RNA was 
precipitated by adding 1.7 volumes of cold ethanol. The RNA was collected by centrifugation at 
16,100 x g for 30 minutes at 4°C. The RNA pellets were washed with 200uL of cold 70% 
ethanol. After drying for no more than 5 minutes the RNA was suspended in Milli-Q water and 
stored at -80°C. The concentration of total RNA was then measured with a NanoDrop ND-100 
spectrophotometer using the RNA measurement setting. 
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2.1.6 Plasmid digestion 
The plasmids that were used to generate in vitro transcribed standards for Northern 
blotting include T7U6 (Fabrizio & Abelson, 1989) and T7U4 (Raghunathan & Guthrie, 1998a) 
Both plasmids were digested with Styl with NEB-3 enzyme buffer (New England Biolabs, 
Ipswich, Massachusetts). The restriction digests were performed in 40 ul reaction volumes with 
4 ug of undigested plasmid, 10 mg/ml BSA and 5U of Styl at 37°C. The aliquots from the 
digestions were checked periodically on a 0.4% sodium borate agarose gel and took ~18 hours 
for the detection of full cleavage. The RNA was extracted from the preparations by treatment 
with 300 ul of phenol/chloroform/iso-amyl alcohol, pH 6.7 (25:24:1) (Sigma Aldrich, Oakville, 
Ontario) and subsequent vortexing for 30 seconds. The aqueous and organic layers were 
separated by centrifugation at 16,100 x g at 4°C for 2 minutes. The aqueous layer was re-
extracted with 100 ul chloroform (Sigma Aldrich, Oakville, Ontario) to remove any residual 
phenol and precipitated with 1/10 volume of 3M NaOAc and 1.7 volumes of chilled ethanol. 
The precipitated RNA was washed with 200 ul 70% ethanol and air dried for 5 minutes prior to 
suspension in 9 ul TE. The suspended DNA was then quantified by UV-spectroscopy using a 
ND-1000 Spectrophotometer (NanoDrop Wilmington, Delaware). 
2.1.7 in vitro transcription of U4 and U6 RNAs 
U4 and U6 RNAs were generated by T7 polymerase-directed in vitro transcription (Mega 
Short script Kit, Ambion) from the Styl digest fragments. Each 20 ul in vitro transcription 
included ~1 jag of linearized plasmid, lx reaction buffer, 7.5 mM each of ATP, GTP, CTP and 
UTP, 2 ul T7 enzyme mix. The reaction was incubated at 37°C for 4 hours. To recover and 
purify the in vitro transcribed products, the reaction mixture was separated on a 10% 7M Urea 1 
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x TBE polyacrylamide gel for 40 minutes at 400V. The RNA product bands were visualized by 
UV-shadowing and excised from the gel. The RNA products were eluted from the gel by 
crushing and soaking for 4 hours in 1 ml elution buffer (0.5 mM NH40Ac, 10 mM MgOAc) and 
200 ul phenol/chloroform/iso-amyl alcohol (25:24:1) (Sigma Aldrich, Oakville, Ontario). 
Subsequently, the mixture was centrifuged at 16,100 x g for 2 minutes and the aqueous layer was 
removed. Another 400 ul of elution buffer was added to the mixture and incubated for another 
24 hours. The RNA-containing aqueous layer was removed again and combined with the 
previous elution. The RNA was precipitated from the elutions with 1/10 volume 3M NaOAc and 
1.7 volumes of ethanol. Subsequently, the RNA pellet was washed with 70% ethanol and air 
dried for 5 minutes. Afterwards, the RNA pellet was resuspended in 20 ul TE and quantified by 
UV-spectroscopy (NanoDrop) and tested for signal quality by Northern blotting. 
2.1.8 Northern blots for U4 and U6 RNA 
Equal masses of total RNA (5ug) from each strain were separated on 4.5% (29:1 
acrylamide:bis-acrylamide) non-denaturing polyacrylamide gels by electrophoresis. The gels 
were run at 80V (10.3V/cm) for -1.5 hours in 1 x TBE buffer until the bromophenol blue dye-
front reached the end of the gel. The RNA was blotted onto a Hybond N+ nylon membrane 
(Amersham Biosciences, Piscataway NJ) at 150 mA for 30 minutes in 1 x TBE buffer with a 
semi-dry blotter (OWL Panther HEP-3 Semidry). The RNA was crosslinked to the membrane 
with 1200 uJ of ultraviolet radiation from a Stratalinker 1800 (Stratagene, La Jolla California). 
The blot was blocked with either Ultrahybe Oligo (Ambion, Austin Texas), Ultrahybe (Ambion) 
or Rapidhybe (GE Healthcare, Chalfont St. Giles United Kingdom) hybribization buffers at 60-
70°C for 15 minutes then incubated with 32P 5'-end labelled synthetic DNA oligosnucleotides 
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U4-14B or U6-6D (U4-14B-AGGTATTCCAAAAATTCCCTAC-3', U6-6D-
AAAACGAAATAAATCTCTTTG-3') for at a minimum of 1-2 hours (2 hours for Ultrahybe, 1 
hour for Rapidhybe) and a maximum of 8 hours at room temperature. The membrane was 
washed three times with -70 ml wash buffer (6XSSC, 0.2% SDS) for 2 minute intervals with 
mild agitation. The blot was exposed to a phosphor screen for 16-24 hours and the signal 
detected and quantified with a Cyclone phosphorimager (Perkin-Elmer, Wellesly MA). Selected 
blots were stripped with 60 ml boiling 0.2% SDS and washed with 80 ml 2 x SSC followed by a 
rinse with 100 ml deionized H2O. The stripped blots were re-probed as described above. 
2.2 Results and Discussion 
2.2.1 in vitro transcription of U4 and U6 RNA standards 
The linearization of pT7U4 with Styl resulted in a single product of ~2kb in length as 
shown in figure 8. The linearized and 'nicked' plasmids exhibited different mobilities than the 
super-coiled plasmid. The digest of pT7U6 with Dral resulted in three main fragments 
approximately 1.2 kb, 900 bp and 700 bp in size that correspond to three of the four expected 
digestion products, 1113, 973, 692, 19 kb. 
2.2.2 Standard curves for U4 and U6 in vitro transcribed RNA 
To test for a linear relationship between RNA concentration and radioactive signal 
detected from Northern blotting, dilution series of the U4 and U6 RNAs were made and run on 
4.5% polyacrylamide gels and probed by Northern blotting for their respective RNAs. The 
quantitation of the radioactive signal from these blots is shown in figure 9 and figure 10. 
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pT7U4 pT7U6DraI 
Figure 8. A. Styl digestion of pT7U4. B. Dral digestion of pT7U6. 
As shown in figure 9, the signal for detection of in vitro transcribed U4 RNA with probe U4-14B 
is linear with an linear regression R value of 0.9711 between 13.9 ng and 375 ng. Similarly, 
figure 10 shows that signal from the detection of in vitro transcribed U6 RNA with probe U6-6D 
is linear with linear regression R2 value of 0.9819 between 13.9 ng and 375 ng. 
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Figure 9. Dilution series of in vitro transcribed U4 RNA to test for linear detection by 
Northern blotting. Linear regression gives an R2 value of 0.9819 indicating that the signal 
strength is linear with concentration. 
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Figure 10. Dilution series of in vitro transcribed U6 RNA to test for linear detection by 
Northern blotting. Linear regression gives an R2 value of 0.9711 indicating that the signal 
strength is linear with concentration. 
2.2.3 Identification of U4 RNA-accumulating strains by Northern Blotting 
As can be seen in figure 11, separation of the U4 and U4/U6 RNA species by non-
denaturing electrophoresis was successful. Two bands were detected when probed for U4 RNA 
(figure 11 a) and the U4/U6 RNA band was detected again upon stripping and re-probing with the 
U6-6D probe (figure lib). The U6 RNA exhibited greater mobility compared to the larger U4 
RNA as expected. The majority of the U4 RNA in the wild type control (CY4CS) was found in 
the U4/U6 form (77.4%) as expected, indicating that separation of the RNA species did not 
affect the base pairing status of the U4 and U6 RNAs. Comparison of the ratio of the free U4 
RNA to U4/U6 RNA between lanes reveals that there is considerable variation between the 
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strains containing the lsm8-l allele. BP4 exhibited an extremely high level of U4 RNA 
accumulation with 91.8% of the U4 RNA found in the free form. In contrast, another strain 
containing the lsm8-l allele, BP1, exhibited a more modest U4 RNA accumulation of 65.2%. 
Additionally, strain BP2CS, shown in figure 14, also exhibited a high U4 RNA accumulation 
level. The variability observed in the free U4 RNA levels between the genetically similar 
BP1CS and PB2CS strains indicates that the variability is likely introduced during processing of 
the samples. Comparison of the free U6 RNA reveals that the BP4 had reduced U6 RNA levels 
relative to the wild type (CY4CS) and the free U4 RNA. Comparison of the free U6 RNA levels 
in BP1 reveals that they remained high relative to the U4 RNA levels and comparable to the U6 
RNA levels in the wild type (CY4CS). Comparison of the U6 levels in BP2CS (figure 14) with 
the U4 levels reveals that the U6 RNA levels were less than the U4 RNA levels and much less 
than the U6 RNA level for the wild type control (CY4CS). These results are consistent with 
Pannone et. al. (1998) findings that the lsm8-l allele results in reduced levels of U6 snRNP. 
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Figure 11. Northern blot of temperature-shifted prp24-A10, BP4, BP1 and CY4 strains 
probed for both the U4 and U6 RNAs. CY4 CS exhibited a wild type U4 RNA phenotype, 
whereas BP4 CS, BP1 CS, and prp24-A10 accumulated U4 RNA. BP4 CS and BP1 CS also 
exhibited a decrease in U6 RNA levels. CS = shifted to 16°C. 
Based on the annealing function of Prp24p, defects in Prp24p are expected to result in a 
reduced rate of the annealing of U4 and U6 RNA/Ps (Raghunathan and Guthrie, 1998; Rader and 
Guthrie, 2002). In agreement with this expectation, Rader and Guthrie (2002) found that the 
Prp24-A10 allele resulted in ~60% U4 RNA accumulation after 14 hours at the non-permissive 
temperature with a concomitant increase in U6 RNA. The locations of the various mutations and 
the relationship to the major domains of Prp24p are shown in figure 12. 
With the goal of identifying PRP24 alleles with the most extreme U4 RNA-accumulation 
phenotype and identifying functionally relevant defects in U4 RNA-accumulation, I tested a 
number of other alleles of PRP24. RNA from these strains was harvested at the non-permissive 
temperature. As shown in figure 11, the prp24-A10 allele resulted in an accumulation of U4 
RNA with 76.6% found in the free U4 species. As described by Rader and Guthrie (2002), the 
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U4 RNA accumulation does not correspond to a decrease in U6 RNA as seen with the lsm8-l 
allele, indicating that the U4 RNA accumulation is not the result of degradation of U6 RNA/P, 
but instead, the result of a reduction in the annealing ability of Prp24p. The observed 
accumulation of U4 RNA in the prp24-A10 strain is comparable with the value reported by 
Rader and Guthrie (2002). 
The effect of temperature on wild type Prp24p function in vivo has not been described in 
the literature, therefore, as a control to determine if temperature affects the annealing function of 
wild type Prp24p similar to that seen for the temperature-sensitive alleles, temperature-shifted 
samples of the wild type strain were compared. As shown in figure 13, temperature shifting of 
the wild type strain resulted in little difference in U4 accumulation between the temperature 
shifted and non-shifted samples. No sample exceeded 20% free U4 RNA under each of the three 
conditions tested. The heat-shifted samples demonstrated the highest mean and single free U4 
RNA levels of 12.4% and 19.5%, respectively. The variation observed for similarly treated 
samples is similar or greater that that observed between sample sets. I conclude that there is no 
relevant variation in accumulation of U4 RNA in the Prp24p wild type strain as a result of 
temperature shifting. 
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Figure 12. Protein sequence of Prp24p. Locations of major domains are indicated and 
relevant mutations are underlined. 
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Figure 13. Northern blot of total cellular RNA from temperature shifted wild type PRP24 
strain. Wild type U4 RNA phenotypes were exhibited for the wild type strain at all 
temperatures tested. HS = shifted to 37°C, NS = not shifted, CS = shifted to 16°C. 
The U4 RNA-accumulation phenotypes of the prp24-K50E/A10 CS, prp24-l sub/A 10 CS, 
and prp24-lsub/4sub HS strains are shown in figure 14. In this figure the cold-shifted prp24-
K50E/A10 CS strain results in a moderate U4 RNA accumulation phenotype with 39.7% of U4 
RNA in the free form. Similarly to the prp24-A10 CS strain in figure 11, the U6 RNA/P was still 
present in greater levels than the U4 RNA. Interestingly, the heat-shifted prp24-K50E/A10 strain 
shown in figure 15 demonstrated a 60.7% free U4 RNA accumulation. The growth phenotype of 
the prp24-K50E/A10 allele differs from that of the prp24-K50E and prp24-A10 alleles in that it is 
also heat-sensitive and it is unclear why the combination of these two cold-sensitive alleles 
results in a heat-sensitive growth phenotype with a higher U4 RNA-accumulation phenotype 
when heat-shifted. Additional comparison of the prp24-K50E/A10 U4 RNA-accumulation 
phenotypes against the prp24-K50E CS strain (figure 16) shows that the prp24-K50E CS has a 
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wild type phenotype (17.2%). It is possible that either the prp24-K50E or A10 alleles have a U4 
RNA-accumulation phenotype when heat-shifted. However, it is also possible that the prp24-
K50E/A10 HS U4 RNA-accumulation phenotype is the result of a synergistic destabilization of 
the Prp24p protein. As shown in figure 14, the prp24-l sub/A 10 CS strain demonstrated a 60.1% 
free U4 RNA-accumulation phenotype. Comparison of the lsub/AlOCS phenotype with the 
prp24-l sub/A 10 HS phenotype (figure 16) reveals that the prp24-l sub/A 10 HS phenotype was 
unexpectedly stronger. Comparison of the U4 RNA-accumulation phenotype of the prp24-
lsub/AlO CS strain with that of the prp24-lsub/4sub HS (figure 14), prp24-lsub HS (figure 15), 
and prp24-A10 CS (figure 11) strains indicates that the prp24-l sub/A 10 CS phenotype is similar 
in magnitude to that of the prp24-lsub HS and prp24-A10 CS strains, but differs from that of the 
prp24-lsub/4sub strain, which has an extreme accumulation phenotype of 91.8% free U4 RNA. 
The lsub allele also results in a moderate U4 RNA accumulation with approximately 47.5% 
(figure 15) in the free form. Based on the U4 RNA-accumulation and growth phenotype 
similarity, it is likely that the prp24-l sub/A 10 CS U4 RNA-accumulation phenotype is the sole 
result of the A10 mutation. The value observed for the lsub/AlO allele is also comparable to the 
A10CS accumulation reported by Rader and Guthrie (2002). It is also likely that the prp24-
lsub/AlO HS U4 RNA-accumulation phenotype is the result of the lsub mutation. The prp24-
lsub allele was originally described as a triple-alanine substitution of the conserved residues of 
RNP1 in RRM1. The prp24-lsub allele exhibited wild type growth at all temperatures tested 
and, as a result, RRM1 was described as either redundant or non-essential for Prp24p function. 
However, Kwan and Brow (2005) recently reported that further alignments indicate that the 
triple-alanine substitution did not target conserved residues. 
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In contrast to the prp24-lsub HS, prp24-lsub/A 10 HS, and prp24-lsub/A 10 CS strains, 
the prp24-lsub/4sub HS strain demonstrated a 91.8% U4 RNA accumulation phenotype. 
Comparison of the accumulation phenotypes of the prp24-lsub/4sub strain with both prp24-
lsubHS (figure 15), and prp24-4subHS (figure 15) phenotypes indicates that there is a dramatic 
increase in U4 RNA accumulation when the two alleles are combined. While it is unclear 
whether this increase in accumulation is due to the addition of the individual phenotypes or due 
to disruption of long-range contacts within the protein, it does confirm the relationship between 
RRM1 and RRM4 suggested by Rader and Guthrie (2002). If the U4 RNA accumulation 
phenotypes are additive it indicates that RRM1 and RRM4 share a duplicate function or are 
cooperative in function as suggested by Rader and Guthrie (2002). 
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Figure 14. Northern blot of temperature-shifted K50E/A10, lsub/AlO and lsub/4sub prp24 
strains and BP2 and CY4 probed for U4 and U6 RNAs. Prp24-K50E/A10, prp24-lsub/A10, 
prp24-lsub/4sub, and BP2 all exhibited U4 RNA accumulation. CS = shifted to 16°C, HS = 
shifted to 37°C. 
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Figure 15. Northern blot of temperature lsub, 4sub and K50E/A10 prp24 strains probed 
for U4 and U6 RNAs. Prp24-lsub, prp24-4sub, and prp24-K50E/A10 all exhibited U4 RNA 
accumulation. CS = shifted to 16°C, HS = shifted to 37°C. 
The prp24-L94P CS strain U4 RNA accumulation phenotype is shown in figure 16. The 
L94PCS strain demonstrated a mild/moderate accumulation with 35.2% free U4 RNA. Two 
cold-sensitive prp24 alleles that result in a cold-sensitive growth phenotype, K50E and L94P, are 
located N-terminally of RRM1. 
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Figure 16. Northern blot of temperature L94P, K50E and lsub/AlO prp24 strains probed 
for U4 and U6 RNAs. Prp24-L94P and prp24-lsub/A10 exhibited RNA accumulation, but 
prp24-K50E did not. CS = shifted to 16°C, HS = shifted to 37°C. 
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The U4 RNA-accumulation phenotype for prp24-R158S HS is shown in figure 17. With 
an average value of 62.1% free U4 RNA, the prp24-R158S HS strain was a moderate/strong 
accumulator of U4 RNA. 
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Figure 17. Northern blot of total cellular RNA from heat-shifted prp24-lsub and prp24-
R158S strains probed for U4 RNA. Both strains exhibited U4 RNA accumulation. HS = 
shifted to 37°C. 
The variation in PRP24 allele functionality described in this section indicates that 
quantitation of U4 RNA base-pairing status may be useful for more than identifying potential 
strains for attempts at U4 snRNA/P purification. These experiments show that a disconnect 
between the growth phenotype and the U4 RNA-accumulation phenotype can occur, such as case 
of the lsub allele. This disconnect indicates that the U4 RNA-accumulation phenotype helps to 
interpret growth phenotype data in regards to the effect on Prp24p function. This phenomenon 
reveals an important point regarding Prp24p function. Most research into Prp24p function is 
focused around the stage at which Prp24p functions affect spliceosome biogenesis/assembly. 
There has been little exploration of the mechanisms by which Prp24p fulfills the function of a 
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spliceosomal annealing factor. Racier & Guthrie (2002) produced the most mechanistic model 
put forth to date suggesting that RRMs 1 and 4 perform redundant tasks in binding the U4 RNA 
and that RRMs 2 and 3 also perform redundant tasks in binding the U6 RNA. In addition, the 
CTM of Prp24p would bind the LSm proteins associated with U6 RNA, stabilizing the 
interaction with U6 snRNP. In this model the function of 3sub is antagonistic to the function of 
4sub. However, the major limitations of this model include a lack of biochemical data and an 
assumption that the function of Prp24p occurs in one step. Further discussion of the Prp24p 
model is necessary to define possible mechanisms performed by which Prp24p performs its 
annealing function. 
It is possible that each RRM has more than one potential binding site on the U4 and U6 
snRNPs. In addition, it is possible that these binding sites remain active in the U4/U6 snRNP. If 
there are no binding sites for Prp24p on the U4/U6 snRNP, it indicates that Prp24p leaves the 
snRNP as it forms and can only remain bound due to gain/loss-of-function mutations. In 
contrast, if some of the binding sites present in the free U4 and U6 snRNPs remain in the U4/U6 
snRNP, then another mystery is how the removal of Prp24p is accomplished. 
Another question that needs to be addressed is whether the Prp24p RRM bindings occur 
in a stepwise or asynchronous fashion. In the stepwise situation lsub and 4sub would exacerbate 
each other's binding because one RRM is reliant on the other for its function. In contrast, the 
asynchronous binding model could potentially produce several much more flexible situations in 
which the RRMs bind discrete sites as the RNA enters the optimal conformation or in which the 
RRMs take turns occupying shared binding sites resulting in the RNA continuously rotating 
through a variety of shapes that are amenable to U4/U6 snRNP formation. 
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Based on the available experimental evidence it is impossible to define the entire 
mechanism of Prp24 function; however, it is clear that interruptions to Prp24p function can 
affect U4/U6 snRNP formation with little effect on growth phenotype. 
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Chapter 3 
Analyses of U4 snRNP by centrifugation 
The following chapter describes the experimental methods used to determine whether the 
accumulated U4 RNA caused by the prp24-lsub/4sub allele described in Chapter 2 is naked 
RNA or part of a complex. In addition, the comparison of accumulated U4 snRNP and Brr2-
released U4 snRNP species by centrifugation is described. Finally, the feasibility of the various 
centrifugation conditions for use in purifying U4 snRNP for further characterization are 
described. Subsequently, the experimental results are presented and analyzed. 
3.1 Methodology 
3.1.1 Preparation of U4 snRNP-accumulation modified splicing extract 
Strain prp24-lsub/4sub was prepared essentially in the manner of Umen & Guthrie 
(1995). The cells were grown at 30°C to OD600 of 1.5 and shifted to 37°C for 2 hours to cause 
accumulation of U4 snRNP. Cells were collected in a JLA 8.1000 rotor (Beckman Coulter, 
Fullerton, California) pre-warmed to 37°C at 3000 rpm for 15 minutes. Subsequently, the cells 
were washed with pre-warmed AGK buffer (10 mM HEPES-KOH pH 7.9, 1.5 mM MgCl2, 200 
mM KC1, 0.5 mM DTT, 10% glycerol, lx Albert's protease inhibitor mix). The pelleted cells 
were resuspended in 7.5 ml AGK buffer, flash frozen in liquid N2, and stored at -80°C. The 
frozen cell suspension was ground with a mortar and pestle that had been pre-cooled to -80°C for 
1 hour with generous amounts of liquid N2. The cell powder was thawed at 4°C and centrifuged 
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at 18,000 rpm at 4°C in a pre-chilled JLA 25.5 rotor (Beckman Coulter, Fullerton, California). 
The supernatant was centrifuged at 37,000 rpm in a 70.1 (Beckman Coulter, Fullerton, 
California) rotor for 1 hr. The supernatant was then flash frozen in liquid N2 and stored at -80°C. 
3.1.2 Centrifugation of U4 snRNP-accumulation splicing extract on Cesium 
Chloride gradients 
The appropriate starting density for the CsCl buffer was originally estimated from the 
SW41Ti rotor manual, shown in figures 18 and 19 (Beckman Coulter, Fullerton, California), 
based on the density of the reconstituted U5 snRNP (Higgins and Hames, 1994) and 
subsequently refined through trial and error. Samples were centrifuged at maximum speeds to 
create maximum density range gradients. Based on the fractioning of the free U4 RNA-
containing species on the CsCl gradient, a necessary density for the starting CsCl buffer was 
determined to be 1.36 g/ml. 
Frozen aliquots of U4 snRNP-accumulation modified splicing extract were centrifuged at 
16,100 x g at 4°C to remove any precipitants caused by freezing and thawing. Either 100 or 200 
ul of supernatant were the layered onto a prepared 1.36 g/ml by density CsCl buffer 1 (20 mM 
HEPES-KOH pH 7.9, 15 mM MgCl2, 0.1 M KC1, 0.5 mM DTT) in pre-chilled polyallomer 
centrifuge tubes (Tube #331372, Beckman) a pre-chilled SW41Ti rotor (Beckman) and 
centrifuged at 33,000 rpm at 4°C for 24 hours. Four-hundred ul fractions were collected from 
the bottom of the tube by puncturing the tube wall with a 21-gauge needle and the fractions were 
stored at -80°C. 
To analyze the isopycnic sedimentation of U4 RNA-containing complexes, cleared 
lysates and splicing extracts were analyzed by CsCl gradients of varying densities. The CsCl 
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gradients were created by centrifuging CsCl-containing buffers and samples to equilibrium at 
4°C. Initial equilibrium tests of U4 RNA-accumulating strains were performed with Dignam's 
buffer D (20 mM HEPES pH 7.9, 10% glycerol, 15 mM MgCl2, 0.2 M KC1, 0.5 raM DTT). 
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Figure 18. Expected density profiles for CsCl gradients in the SW41Ti. 
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Figure 19. Velocity safety thresholds for various densities of homogenous CsCl solutions , 
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Subsequently, buffer H (20 mM HEPES pH 7.9, 15 mM MgCl2, 0.1 M KC1, 0.5 mM DTT) was 
used due to the strong effect of glycerol on measurements of index of refraction. Low resolution 
gradients that were started with a buffer containing 1.36 g/ml CsCl by density were centrifuged 
at 40,000 rpm in a SW60Ti rotor. High-resolution gradients were started with buffer containing 
1.24 g/ml by density and were centrifuged at 50,000 rpm. Samples were collected from bottom 
to top as described in section 3.1.3 and stored at -80°C. 
3.1.3 Analyses of RNA and protein ratios from centrifugation fractions 
Every second fraction was warmed to room temperature and homogenized by vortexing. 
The concentration of CsCl was measured with an ATAGO Pocket PAL-42S refractometer 
(ATAGO USA Inc, WA). The values were transformed into density with the equation: RNA 
mass/protein mass (%) = 137.48-138.11/p (Ausubel et al., 1998). These values were given the 
following treatment to derive an estimate of the protein mass associated with the particle using a 
value of 54.1 kD for the mass of the U4 RNA (Sacchi et. al, 1977): 
RNA (% by wt) = 349.5 - (471.2/pCsCl) 
3.1.4 Glycerol gradient analyses 
To analyze the rate-zonal sedimentation of accumulated U4 RNA-containing complexes, 
cleared lysates and splicing extracts were analyzed on 10-30% (v/v) glycerol gradients. Stevens' 
buffer (20 mM HEPES pH 7.9, 200 mM KC1, 1.5 mM MgCl2, 10 mM B-Me, 0.01% Igepal CA-
630, O.lx Albert's protease inhibitor mix) (Stevens et. al., 2001) was prepared in 10% and 30% 
(v/v) glycerol concentrations and used to prepare the gradient. A 500 |il cushion of 30% glycerol 
buffer was placed at the bottom of the polyallomer centrifuge tube and a Scie-Plas GM25 
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gradient maker was used to make an 11.5 ml (Tube #331372, Beckman) or a 50 ml (Tube 
#326823, Beckman) gradient on top. 100 p,l of sample was layered on top of the gradient taking 
care not to penetrate the gradient. The samples were spun in a Beckman XL-70 with a Sw41Ti 
rotor (Beckman) at 29,000 rpm for 24 hours at 4°C or a Sw28Ti rotor at 28,000 rpm for 28 
hours. Fractions were collected from bottom to top by puncturing the side of the tube with a 21-
gauge needle. Subsequently, RNA from the fractions was phenol/chloroform extracted and 
analyzed by Northern Blot. 
3.1.5 Preparative centrifugation of U4 snRNP-accumulation splicing extract on 
glycerol gradients 
Samples were prepared for centrifugation as described in section 3.1.4. Five-hundred 
microlitres of sample was layered on top of a 10-30% glycerol of Stevens' Buffer in a Sw28Ti 
rotor (Beckman Coulter, Fullerton, California) at 28,000 rpm for 28 hours at 4°C. Fractions 
were collected from bottom-to-top and stored at -80°C. 
3.1.6 Preparation of Brr2-TAP splicing extracts 
Brr2-TAP splicing extracts were prepared as in section 3.1.1 with the following 
exceptions. The cultures were not heat-shifted during growth and the supernatant from the 
centrifugation at 37,000 rpm in the 70.1Ti rotor was dialyzed three times against Buffer D (20 
mM HEPES-KOH pH 7.9, 0.2 mM EDTA, 50 mM KC1, 0.5 mM DTT, 20% glycerol) in a 
10,000 kDa cut-off dialysis cassette (Slide-a-lyzer, Pierce, Rockford, Illinois) prior to flash 
freezing. 
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3.1.7 Assay of Brr2-TAP splicing activity 
Four-microlitres of Brr2-TAP splicing extract was added to 6 ul of reaction mix (2 mM 
ATP, 2.5 mM MgCl2, 60 mM K-phosphate pH 7, 3% PEG-8000, 4 f mol internally 32P-GTP 
labelled actin). The reaction mixture was incubated at 23°C for 30 minutes and stopped by 
incubating on ice followed by proteinase K digestion at 37°C for 15minutes. Subsequently, 200 
ul STOP mix (0.05 M NaOAc, 10 mM EDTA, 0.1% SDS) was added and the proteins were 
extracted with phenol:chloroform:iso-amyl alcohol (25:24:1) followed by NaOAc/ethanol 
precipitation. The RNA pellet was suspended in formamide loading buffer and further denatured 
by incubation at 90°C for 2 minutes. The RNA was separated by electrophoresis on a 12% 7M 
Urea polyacrylamide gel. 
3.1.8 Brr2-release of U4 and U6 snRNA-containing species 
With the goal of developing a more preparative method for the generation of Brr2-
released U4 snRNA species, attempts at capture of the U4/U6«U5 snRNP and release of the U4 
snRNA specie were made using both the calmodulin binding domain and the Prot A domains of 
TAP-tagged Brr2. Several attepts at generation using the calmodulin binding domain were made 
varying the concentrate of buffer components. For the first attempt, 75 ul of calmodulin-agarose 
(Sigma Aldrich, Oakville, Ontario) was washed four times with 1 ml of IPP150 calmodulin 
binding buffer (10 mM Tris pH8, 10 mM p-Mercaptoethanol, 150 mM NaCl, 1 mM MgOAc, 1 
mM Imidazole, 1 mM CaCl2, 0.001% Igepal Ca-630). One-hundred microlitres of Brr2-TAP 
splicing extract was adjusted to 10 mM Tris-Cl pH 8, 50 mM NaCl, 0.1% Igepal CA-630, 30 
mM CaC12 before adding 300 ul IPP150 calmodulin binding buffer, the splicing mixture was 
incubated with the pre-washed calmodulin-agarose beads for 1 hour at 4°C with agitation. The 
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calmodulin-agarose beads were washed three times with 5 ml IPP calmodulin binding buffer for 
5 minutes with agitation at 4°C. For release of the U4 snRNA species from the bound 
U4/U6»U5 snRNPs, the calmodulin-agarose beads were incubated twice with 450 ul IPP 150 
ATP elution buffer (10 mM Tris pH8, 10 mM p-mercaptoethanol, 150 mM NaCl, 1 mM 
MgOAc, 1 mM imidazole, 2 mM CaCl2, 0.001% Igepal Ca-630, 30% PEG-8000, 2.5 mM 
MgCb, 2 mM ATP) for 10 minutes at room temperature. To elute the remaining complexes 
from the calmodulin-agarose beads they were incubated twice with 450 ul IPP 150 EGTA elution 
buffer (10 mM Tris pH 8, 10 mM p-mercaptoethanol, 150 mM NaCl, 1 mM MgOAc, 1 mM 
imidazole, 5 mM EGTA, 0.001% igepal Ca-630) for 20 minutes at 4C. The fractions were 
extracted with phenol/chloroform and visualized by Northern blotting as described in section 
2.1.8. 
The second attempt at capture and release from the calmodulin-agarose was similar to the 
first attempt except that the IPP 150 calmodulin binding buffer (10 mM Tris pH8, 10 mM p-
mercaptoethanol, 150 mM NaCl, 1 mM MgOAc, 1 mM imidazole, 2 mM CaCl2, 0.1% igepal 
Ca-630), IPP 150 ATP elution buffer (10 mM Tris pH8, 10 mM p-Mercaptoethanol, 150 mM 
NaCl, 1 mM MgOAc, 1 mM imidazole, 2 mM CaCl2, 0.1% igepal Ca-630, 30% PEG-8000, 2.5 
mM MgCl2, 2 mM) and IPP150 EGTA elution buffer (10 mM Tris pH 8, 10 mM 0-
mercaptoethanol, 150 mM NaCl, 1 mM MgOAc, 1 mM imidazole, 5mM EGTA, 0.1% igepal 
Ca-630) compositions were modified. 
The third attempt was also performed in a similar manner as the first and second attempts 
with modified buffers (IPP 150 calmodulin binding buffer: 10 mM Tris pH8, 10 mM P-
mercaptoethanol, 150 mM NaCl, 1 mM MgOAc, 1 mM imidazole, 2 mM CaCl2, 0.1% igepal 
Ca-630; IPP 150 ATP elution buffer: 10 mM Tris pH8, 10 mM p-mercaptoethanol, 150 mM 
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NaCl, 1 mM MgOAc, 1 mM imidazole, 2 mM CaCl2, 0.1% igepal Ca-630, 2.5 mM MgCl2, 2 
mM ATP; IPP150 EGTA elution buffer: 10 mM Tris pH 8, 10 mM p-mercaptoethanol, 150 mM 
NaCl, 1 mM MgOAc, 1 mM imidazole, 5 mM EGTA, 0.1% igepal Ca-630). 
The free U4 snRNA species was generated using the Prot A domain of the TAP-tag as 
follows. Two-hundred microlitres of mouse IgG-sepharose (Sigma Aldrich, Oakville, Ontario), 
corresponding to -100 ul of bead volume was washed three times with 1 ml of NET50 (50 mM 
NaCl, 50 mM Tris-Cl pH 7.4, 0.05% Igepal CA-630, 5 mM EDTA), pelleting for 10 seconds at 
10,000 x g. The beads were slowly rocked with 500 ul of the cleared cell lysate for 24 hours at 
4°C. The IgG beads were washed 3x with 1.5 ml NET50, 450 ul of each kept for analysis. Free 
U4 and U6 snRNPs were eluted from the beads with 2x 300 ul splicing mix + ATP (2 mM ATP, 
2.5 mM MgC12, 3% PEG8000, 60 mM K-phosphate, 40% buffer D with DTT added) with 
agitation for 10 minutes each at room temperature. Finally, a third elution with 200 ul for 20 
minutes was performed. The samples were flash-frozen with liquid nitrogen and stored at -80°C. 
3.1.9 Comparison of accumulated U4 snRNP and Brr2-released U4 species on 
cesium chloride gradient 
Every third sample was phenol/chloroform extracted and ethanol precipitated as 
described in section 3.1.2. After identifying fractions with high free U4 RNA levels, proteins 
were isolated from the remaining fraction by acetone precipitation. To each sample, 500 ul of 
phenol/chloroform/iso-amyl alcohol (30:29:1) was added and vortexed to mix. After separation 
by centrifugation at 16,100 x g for 2 minutes, the aqueous layer was discarded and the proteins 
were precipitated from the phenol/chloroform phase with five volumes of chilled acetone and 
incubation at -80°C for 1.5 hours. Subsequently, the proteins were collected by centrifugation at 
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12000 x g for 10 minutes at 4°C and washed with 80% cold ethanol. After 15 minutes of 
vacuum evaporation the proteins were stored at -20°C. 
The samples were resuspended in 5 ul of sample buffer (50 mM tris-HCl pH 6.8, 0.2% 
SDS, bromophenol blue, 10% glycerol, 100 mM DTT) and vortexed for 10 minutes at 4°C then 
incubated at 95°C for 15 minutes with intermittent vortexing to dissolve the pellet. The samples 
were run on against Bio-Rad SDS-PAGE Molecular Weight Standards, Low Range (Bio-Rad), 
Missassauga, Ontario) on an SDS-PAGE gel at 8 V/cm for stacking and 15 V/cm for resolving. 
Subsequently, the proteins were fixed and stained in the gel using a Bio-Rad Silver Stain Plus kit 
(Bio-Rad, Mississauga, Ontario). 
3.1.10 Comparison of accumulated U4 snRNP and Brr2-released U4 species on 
glycerol gradient 
Samples were processed as described in section 3.1.9 except that the aqueous layer was 
retained from the phenol/chloroform extraction and the RNA was NaOAc/ethanol precipitated 
and analyzed by Northern Blotting. 
3.2 Results and Discussion 
3.2.1 Analyses of accumulated U4 RNA by CsCl gradient centrifugation 
The buoyant density of proteins, DNA, and RNA in a CsCl gradient are respectively 
described as variable around 1.3 g/ml, variable around 1.7 g/ml and >1.8 g/ml (Sambrook and 
Russell, 2001). The maximum density of a saturated CsCl solution is 1.8875 g/ml (Weast and 
Astle, 1982). As a result, naked RNAs are expected to pellet at the bottom of a CsCl gradient. 
In contrast, the buoyant density of RNPs is roughly the sum of the buoyant density of the protein 
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and RNA components (Sambrook and Russell, 2001). CsCl gradient centrifugation is, therefore, 
an accessible and robust test of RNA/P status that is relatively insensitive to protein, DNA and 
RNA contamination. 
To determine whether the accumulated U4 RNA phenotype observed for several prp24 
alleles and lsm8-l was the result of accumulation of a free U4 snRNP species or simply the 
accumulation of RNA that was not associated with splicing-proteins, the density of the U4 RNA 
was evaluated by iso-pycnic centrifugation. An example of the fractionation pattern of the 
accumulated U4 RNA can be seen in figure 20. In this figure, the majority of free U4 RNA 
appears near the top of the CsCl gradient in fractions 17 and 18, indicating that the U4 RNA-
particle has a buoyant density less than the literature value for naked RNA of 1.8 g/ml. This 
experiment confirms that the U4 RNA detected in the lsub/4sub strain from the experiments in 
chapter 1 does indeed correspond to an RNP particle and that it is very likely that the U4 RNA 
resulting from other alleles also corresponds to an RNP. 
IVT IVT 
4 5 6 7 8 9 10 11 TU m 12 13 14 I5 16 17 ls 19 
Figure 20. CsCl gradient of heat-shifted prp24-lsub/4sub. Lane numbers indicate fraction 
number. IVT U4 - in vitro transcribed U4 RNA standard. Density decreases with 
increasing lane number. Free U4 RNA/P fractioned higher on the gradient than the U4/U6 
snRNP. 
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According to characterization of ribosomes by Sacchi et. al. (1977) the buoyant density 
of an RNP particle on a CsCl gradient is a linear relationship between the RNA and protein 
components of the RNP. In addition, Lelay-taha et. al. (1986) found that Ul, U2 and U5 
snRNPs maintained their integrity when in a CsCl gradient at concentrations of MgCl2 above 7 
mM. While the ionic strength of CsCl may cause disruption of U4 snRNP and reduce the 
number of proteins associated with the snRNP, knowledge of RNA component and the buoyant 
density does provide a tool to estimate the minimum mass of protein associated with the U4 
RNA. Figure 21 shows Northern blots of three replicates for the fractioning of the U4 RNA on 
CsCl gradients with the density of the fractions listed in table 4. As can be seen in each of the 
figures, the U4 RNA reproducibly falls in the range of fraction 18-23. These fractions 
correspond to a buoyant density of 1.386-1.414 g/ml for figure 21A, 1.342-1.364 g/ml for figure 
21B and 1.348-1.375 g/ml for figure 21C. In addition, it appears that the U4 signal in the upper 
fractions of figure 21A is much stronger than the signal in the corresponding fractions in figures 
21B, and 21C, indicating that the upper edge of the free U4 RNA signal may have been 
degraded. This led me to believe that the buoyant density of the U4 RNP is -1.357 g/ml on these 
gradients. In addition, a large component of the detected U4 RNA, including U4 and U4/U6 
RNA species, appears in lane T, the pellet fraction that corresponds to naked RNA and RNPs 
with a buoyant density greater than 1.88 g/ml. The appearance of free U4 RNA in the pelleted 
fraction indicates that the free U4 snRNA can exist as two particles of differing buoyant density 
on CsCl gradients with one of the particles having a buoyant density of more than 1.50 g/ml. 
However, the buoyant density of the other particle is near to the upper limit for the utilization of 
the formula used by Sacchi et. al. (1977), which allows for a maximum buoyant density of 1.348 
g/ml before giving a value of zero for the percent RNA composition of particles. Using this 
-63-
CHAPTER 3 - ANALYSES OF U4 SNRNP BY CENTRIFUGATION 64 
formula results in an extremely high molecular weight protein contribution to the buoyant 
density of the U4 snRNA/P particle with buoyant densities of -500 kD for figure 21 A, 1600 kD 
for figure 21B, and -820 kD for figure 21C as shown in figure 22. There is a large discrepancy 
between these values because the majority of the U4 snRNA appears in the asymptotic region for 
the calculated protein buoyant density contribution and, as a result, cannot be treated as a precise 
or accurate measure of the protein mass associated with the U4 snRNA. While the calculated 
values for the protein contribution to free U4 snRNA are not in an accurate density region, these 
results do indicate that there is a substantial protein contribution to the buoyant density of the 
free U4 snRNP. 
-64-
CHAPTER 3 - ANALYSES OF U4 SNRNP BY CENTRIFUGATION 65 
IVT ivr 
U4 T 1 3 5 7 9 13 15 17 19 21 23 25 27 U4 
Figure 21. Northern blots of total RNA from replicate CsCl gradient fractions of prp24-
lsubMsub lysate probed for U4 RNA. Fractions were collected from the bottom and the 
lane numbers indicate fraction number. IVT U4 - in vitro transcribed U4 RNA standard. 
T - tube wash. Free U4 RNP repeatedly fractioned near the top of the gradient. 
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Table 4. Refractometer readings from CsCl gradients for figures 22A, 22B, and 22C. 
Figure 21A 
Figure 21B 
Figure 21C 
Fraction 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
1 
3 
5 
7 
9 
11 
13 
15 
17 
19 
21 
23 
25 
28 
1 
3 
5 
7 
9 
11 
13 
15 
17 
19 
21 
23 
25 
28 
Refractometer 
readings 
(%mass) 
47.2 
44.4 
42.4 
41.2 
40.6 
40.4 
40.2 
40.0 
39.8 
39.8 
38.6 
37.8 
36.6 
36.6 
46.0 
42.4 
40.0 
38.8 
38.0 
37.6 
37.4 
37.2 
37.0 
36.8 
36.2 
35.4 
34.6 
34.0 
45.4 
42.2 
39.8 
38.6 
38.0 
37.6 
37.4 
37.2 
37.0 
36.6 
36.0 
35.0 
33.8 
33.8 
Corresponding 
density (g/ml) 
1.53 
1.48 
1.45 
1.43 
1.43 
1.42 
1.42 
1.42 
1.41 
1.41 
1.40 
1.39 
1.37 
1.37 
1.51 
1.45 
1.42 
1.40 
1.39 
1.38 
1.38 
1.38 
1.37 
1.37 
1.36 
1.35 
1.34 
1.33 
1.50 
1.45 
1.41 
1.40 
1.39 
1.38 
1.38 
1.38 
1.37 
1.37 
1.36 
1.35 
1.33 
1.33 
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Figure 22. Relationship between gradient fractions and molecular weight of protein 
calculated for association with U4 RNA for CsCl gradients in figure 21 A, B, and C. The 
U4 RNP fractioned in the asymptotic region of the gradient, resulting in a variation of 
~1100 kDa for the calculated mass of associated proteins. 
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Based on the descriptions in the literature regarding the buoyant density of proteins 
versus RNPs (Sacchi et. al, 1977; Lelay-Taha et. ah, 1986), I tested the feasibility of using CsCl 
centrifugation as a primary isolation method. RNA and protein were extracted from fractions 
after CsCl separation of prp24-lsub/4sub lysate and analyzed by electrophoresis. The 
fractioning of the U4 RNA and proteins are shown in figure 23. As shown in figure 23A, the 
free U4 RNP appeared in fractions 20-22 with the majority of the U4/U6 RNP appearing in 
fractions 12-16. In figure 23B there appears to be protein or nucleic acid in every lane with the 
majority appearing above fraction 16. Figure 23 indicates that separation of the accumulated U4 
snRNP on CsCl gradient will not produce a product that is sufficiently pure for mass 
spectrometric or primer extension analyses. Based on this experiment I conclude that CsCl 
centrifugation does not provide sufficient resolution for the U4 RNP for use a primary isolation 
technique. 
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Figure 23. Sedimentation of prp24-lsub/4sub lysate on a CsCl gradient. A. Sedimentation 
of U4 RNA species. Lane numbers indicate fraction number. IVT U4 - in vitro transcribed 
U4 RNA standard. B. Sedimentation pattern of proteins. L - molecular weight standard. 
T - tube wash. Free U4 RNP sedimented in fractions 20-22 along with the majority of the 
other proteins in the lysate. 
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3.2.2 Fractioning of free U4 snRNP by glycerol gradient centrifugation 
SnRNPs were separated on a 10-30% glycerol gradient with the goal of using glycerol gradient 
centrifugation as an analysis tool and a purification step for isolation of U4 snRNP from prp24-
lsub/4sub lysate. Enrichment of the free U4 snRNP with an SW41Ti rotor was successful as 
shown in figure 24. Comparison of the fractioning of the U4 RNA-species and the U4/U6 
species shows that the free U4 species fractioned higher on the glycerol gradient than the U4/U6 
RNA-containing species, indicating that the U4 snRNP has lower mass than the U4/U6 species. 
1VT 1VT 
1 3 5 7 9 11 13 U4 15 17 19 21 23 25 27 29 U4 
Figure 24. Sedimentation of U4 and U4/U6 from prp24-lsub/4sub on a 10-30% glycerol 
gradient. Lane numbers indicate fraction number. IVT U4 - in vitro transcribed U4 RNA 
standard. Free U4 RNP sedimented separately from the U4/U6 snRNP. 
A large-scale, preparative glycerol gradient sedimentation of the prp24-lsub/4sub extract 
was also attempted. As shown in figure 25A, the free U4 snRNP fractioned separately from the 
U4/U6 snRNP with the majority fractioning between fractions 34 and 43, whereas the majority 
of the U4/U6 snRNP fractioned between fractions 1 and 7. However, the free U4 snRNP 
fractioned over a much wider range, including fractions 16 through 49. While the majority of the 
free U4 snRNP fractioned in a narrower banded-fractions 34-43, these fractions encompassed a 
-70-
CHAPTER 3 - ANALYSES OF U4 SNRNP BY CENTRIFUGATION 71 
total to volume of ~lml. This broad range indicates that the use of the SW28Ti rotor is not 
effective for enrichment of the free U4 snRNP as an isolation step. Fractions from the SW28Ti 
gradient were also analyzed for protein content by silver stained SDS-PAGE. As shown in 
figure 25B, there are numerous protein bands in every fraction and these proteins did not fraction 
cleanly. Based on this experiment and the results from figure 23, preparative centrifugation 
alone does not give sufficient resolution for mass spectrometric analyses of the U4 RNP. 
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Figure 25. Sedimentation of prp24-lsub/4sub lysate on a 10-30% glycerol gradient. A. 
Sedimentation of U4 RNA species. Lane numbers indicate fraction number. IVT U4 - in 
vitro transcribed U4 RNA standard. B. Sedimentation pattern of proteins. L - molecular 
weight standard. Free U4 RNP sedimented separately from the U4/U6 snRNP; however, 
there are contaminating proteins in a fractions. 
-72-
CHAPTER 3 - ANALYSES OF U4 SNRNP BY CENTRIFUGATION 73 
3.2.3 Brr2-Tap release 
Raghunathan and Guthrie (1998) developed an assay for the annealing of U4 and U6 
snRNA/Ps that utilized the release of U4 and U6 RNA-containing species from the U4/U6«U5 
particle by the addition of ATP to the bound particle. Wolff and Bindereif (1992) also generated 
a free U4 RNA-containing species by displacing the U6 stem I and trapping the U4/U6 snRNP 
with a 2'-0-methyl RNA oligonucleotide with the same sequence as the U6 stem I, then raising 
the temperature to melt the U4 RNA-containing species from the trapped U4/U6 snRNP. 
However, to date, Raghunathan and Guthrie's (1998) technique has been the sole method of 
generating a biologically produced free U4 snRNA/P species. The initial affinity-binding step of 
the Brr2-release technique provides an effective primary isolation step making purification of the 
Brr2-released form of U4 snRNA/P an effective alternative for isolation of U4 snRNA/P species 
for characterization. Previously, Raghunathan and Guthrie (1998) utilized a 2 x polyoma epitope 
tag at the C-terminus of a U5 RNA-associated protein, Brr2, to immobilize the U4/U6»U5 
snRNP. A simpler and more economical alternative is the Tandem Affinity Purification (TAP) 
tag (Puig et. al., 2001). The TAP tag was selected as a simple, rapid, clean, and low-cost method 
for generation of Brr2-released U4 snRNP because the purification media is commercially 
available and the openly available TAP library already contained a Brr2-tagged strain that was 
previously used to study protein interaction networks (Ghaemmaghami et. al, 2003). To ensure 
that the TAP tag did not have unexpected side effects on splicing, the splicing extract made from 
the Brr2-TAP strain was tested for in vitro splicing ability. As can be seen in figure 26, 
incubation of the Brr2-TAP splicing extract with radio-labelled actin resulted in the 
accumulation of the splicing transcript in both replicate reactions. 
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Figure 26. Test of Brr2-TAP splicing extract for in vitro splicing with radio-labelled actin. 
The Brr2-TAP splicing extract successfully spliced the actin transcript. 
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With clear evidence that the TAP-tagged Brr2 strain was not splicing-deficient, attempts 
to capture the U4/U6U5 snRNP and release free U4 RNP from the particle were made. Figure 
27A, 27B and 27C show attempts to capture the U4/U6»U5 snRNP on calmodulin-agarose 
media. As can be seen in figure 27A, the majority of unbound U4 RNA-containing species 
washed from the column in the first wash step. Unexpectedly, during the elution step with ATP 
only U4/U6 RNA-containing species were released from the calmodulin-agarose. As expected, 
the chelation of Ca + ions with EGTA resulted in heavy release of the Brr2-TAP-containing 
particles from the media. 
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ATP EGTA IVT ATP EGTA IVT 
FT Wl W2 W3 El E2 El E2 U4 FT Wl W2 W3 'El E2' 'El E2' U4 
IVT 
FT Wl W2 W3 El E2 B U4 
Figure 27. Brr2-TAP purification and attempted release of U4 RNA-containing species. 
FT - Flowthrough, W1-W3 - Washes, E1-E2 - elutions. IVT U4 - in vitro transcribed U4 
RNA standard. A,B, and C. U4/U6 RNA was released during the ATP elution step, but no 
free U4 RNA was released. 
The elution of U4/U6 RNA-containing complexes with ATP elution buffer in figure 27A 
suggested that non-specific binding of U4/U6 RNA-containing complexes to the calmodulin-
agarose was occurring. In order to reduce non-specific binding the concentration of Igepal CA-
630 was increased from 0.001% to 0.1% as shown in figure 27B. Similar to the experiment in 
figure 27A, the purification resin was cleaned of the majority of unbound U4 RNA-containing 
species in the first wash fraction. As well, the ATP elution step also resulted in the release of 
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U4/U6 RNA-containing species. Chelation of Ca2+ ions with EGTA also resulted in release of 
U4/U6 RNA-containing species, indicating that affinity binding of the U4/U6-U5 particle to the 
calmodulin-agarose was successful. 
In an effort to increase the strength of binding of the U4/U6 RNA-containing particles to 
the calmodulin-agarose and reduce leaching of the particles during the ATP elution step, no PEG 
was added to the buffers. The result of this purification attempt is shown in figure 27C. As in 
figure 27A and 27B, there was release of U4/U6 RNA-containing species during the ATP elution 
step (lanes El and E2). However, little U4 RNA-containing species remained associated with 
the calmodulin-agarose (lane B). 
Due to the lack of success with the calmodulin-agrose U4 snRNA/P preparation attempts 
in figures 27A, 27B, and 27C, an alternative preparation strategy was pursued using the capacity 
of the Protein A domain of the TAP tag to bind irreversibly to IgG-agarose. As seen in figure 
28A, the majority of unbound U4 RNA-containing species were removed during the first wash 
steps. In contrast to the previously attempted calmodulin-agarose preparations, the second ATP-
elution fraction shows a clear signal for free U4 RNA (lane E2). However, an equal quantity of 
U4/U6 RNA-containing species was released along with the free U4 RNA species and the 
majority of the bound U4/U6 RNA-containing species remained bound to the IgG-agarose (lane 
B). Figure 28B shows the stripped blot reprobed with radioactive probe complimentary to the 
U5 RNA. Both long and short versions of the U5 RNA appear in the flowthrough fraction (lane 
FT), wash 1 (lane Wl) and attached to the IgG-agarose beads (lane B) indicating that the 
released free U4 species and the U4/U6 species are both free of U5 RNA. The absence of U5 
RNA from the elution fraction raises a question regarding the origin of the U4/U6 signal in 
figure 28A lane E2. It is unclear whether the U4/U6 signal is the result of binding to the IgG-
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agarose by some unknown method or if it is the result of incomplete unwinding from the 
U4/U6-U5 particle by the tagged Brr2. 
IVT IVT 
FT Wl W2 W3 El E2 B U4 FT Wl W2 W3 El E2 B U4 
Figure 28. IgG-agarose preparation of free U4 species from Brr2-TAP splicing extract. A. 
U4 Probe. B. U5 probe. FT - Flowthrough, W1-W3 - Washes, E1-E2 - elutions, B -
calmodulin-agarose beads. IVT U4 - in vitro transcribed U4 RNA standard. Both U4/U6 
RNA and free U4 RNA were released during the ATP elution. No U5 RNA was detected in 
the elutions upon reprobing. 
To improve the yield of free U4 RNA-containing species and the efficiency of the 
protocol, the volume of the elution fractions was decreased by 4.2-fold and the number of elution 
steps was increased. The result is shown in figure 29. Decreasing the elution volume and 
increasing the number of elutions appeared to have resulted in a greater efficiency of release of 
both the free U4 and U4/U6 species and more concentrated samples (lanes El, E2, E3 vs lane B). 
While there was still a considerable amount of U4/U6 RNA-containing complexes eluting from 
the IgG-agarose, there was sufficient free U4 RNA-containing species to make the TAP-tag IgG-
agarose strategy effective as a preparative technique. 
-78-
CHAPTER 3 - ANALYSES OF U4 SNRNP BY CENTRIFUGATION 79 
IVT 
FT Wl W2 W3 El E2 E3 B U4 
•0 
Figure 29. Brr2-TAP purification on IgG-agarose. FT - Flowthrough, W1-W3 - Washes, 
E1-E2 - elutions, B - calmodulin-agarose beads. IVT U4 - in vitro transcribed U4 RNA 
standard. 
3.2.4 Brr2-TAP released U4 snRNP analyses by centrifugation 
As described in section 3.2.3, it is possible to generate preparative amounts of Brr2-
released U4 RNA-containing species, but it is necessary to use another technique to remove 
other species that are also released during elution with ATP. In an effort to accomplish this step, 
the elution fractions were separated by velocity-sediment centrifugation on a 10-30% glycerol 
gradient. The result from such a separation is shown in figure 30. The U4/U6 RNA-containing 
species fractioned between fractions 14 and 22 with majority appearing in fractions 16-18. In 
contrast, the free U4 species appeared between fractions 18 and 22 with the majority appearing 
in fraction 20. Based on figure 30, it appears possible to separate the majority of the Brr2-
released U4 and U4/U6 species by glycerol gradient sedimentation. Furthermore, with velocity-
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sedimentation centrifugation it is possible to increase the separation between particles by 
increasing the period of centrifugation. 
TVT 
2 4 6 8 10 12 14 16 U4 18 20 22 24 26 
•-*:*- - .
:
" • , M 
'• •'?&. 
- ** J;:§ 
U 4 / U 6 — • WIM'' ***' 
U 4 >- 3$* "'••• -. IfSip iSwsS-
Figure 30. Fractioning Brr2-TAP released U4 RNA-containing complex on a 10-30% 
Glycerol gradient. Lane numbers indicate fraction number. IVT U4 - in vitro transcribed 
U4 RNA standard. Free U4 RNP sedimented separately from the U4/U6 snRNP. 
3.2.5 Separation of Brr2-TAP released U4 RNA-containing complexes on a CsCl 
gradient. 
To determine if the Brr2-TAP-released U4 RNA was associated with proteins, the Brr2-
TAP eluate was separated on a 1.36 g/ml CsCl gradient. As shown in figure 31 A, there is signal 
corresponding to free U4 RNA in fractions 14 through 18-2, indicating that there are proteins 
associated with the released U4 RNA. Unexpectedly, a strong signal corresponding to U4/U6 is 
also present in fraction 18. This signal may correspond to a subspecies of the U4/U6 RNA/P 
with a higher protein complement that the species that fractions between fractions 10-16. The 
proteins extracted from each fraction are shown in a silver stained gel (Figure 3IB). Lane T 
shows strong staining throughout the lane, which most likely corresponds to staining of naked 
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RNA. There are some large molecular weight signals visible in the other fractions with more 
banding in lanes 20 and 22. None of the signals visible on the silver-stained protein gel 
corresponds to the U4 elution profile seen in figure 31 A, leading me to the conclusion that 
visible bands do not correspond to proteins that are associated with the U4 RNA-containing 
species. 
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Figure 31. CsCl separation of Brr2-released U4 and U4/U6 RNA-containing species. A. 
Fractioning of U4 RNA. Lane numbers indicate fraction number. IVT U4 - in vitro 
transcribed U4 RNA standard. Due to excess sample volume, the remainder of sample 18 
was loaded in lane 18-2. B. Silver-stained SDS-PAGE of proteins extracted from the Brr2-
TAP CsCl gradient. L -molecular weight standard. Free U4 RNP was separated from the 
U4/U6 snRNP; however, the protein concentration was too low for detection. 
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Based on the density gradient experiments in section 3.2.1 and 3.2.5,1 concluded that both the 
accumulated and released free U4 RNA have a buoyant density lower than that expected for 
naked RNA and that this difference in buoyant density is most likely caused by association with 
proteins. 
3.2.6 Comparison of sedimentation of accumulated U4 species and Brr2-released U4 
snRNP species 
While the results of sections 3.2.1 and 3.2.5 provide evidence that the two methods for 
generating free U4 RNA result in the generation of RNPs, they do not indicate the functional 
identity of these free U4 snRNPs. Samples were analysed by rate-zonal sedimentation in 10-
30% glycerol gradients in parallel with the goal of physically comparing the two free U4 RNPs. 
Under these conditions, the U4 particle with the smaller mass is expected to appear in slower 
migrating fractions. The result for the glycerol gradient centrifugation of the Brr2-released 
species is shown in figure 32A. In this gradient the U4/U6 species appeared in fractions 11-17 
with the majority in fractions 11-15. In contrast, free U4 species appeared in fraction 15-19. 
This separation pattern was similar to that in figure 30; however, the particles sedimented deeper 
in the gradient as the result of a longer sedimentation period. The simultaneous sedimentation 
separation of the accumulated U4 snRNP from strain prp24-lsub/4sub is shown in figure 32B. 
The accumulated free U4 snRNP fractioned across fractions 1-19. This wide range was due to a 
much higher concentration of sample used for the experiment than that in figure 32A. While the 
free U4 snRNP is spread across numerous fractions, it appears that the majority of the 
accumulated U4 snRNP signal is centred around fraction 12. In addition, the U4/U6 snRNP 
appeared between fractions 1-13 with the majority appearing under fraction 11. In both 
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gradients the accumulated U4 snRNP and the Brr2-released U4 species separated into different 
regions with the U4/U6 species appearing to be faster migrating on the gradient than the free U4 
species. The sedimentation profile shown in figure 33 indicates that the accumulated U4 RNP 
sedimented deeper in the gradient than the Brr2-released U4 RNP with profile peaks at fraction 
11 and fraction 17, respectively. Based on this discrepancy I concluded that the accumulated 
free U4 RNP has a smaller mass than the Brr2-released U4 RNP. 
IVT 
1 3 5 7 9 11 13 U4 
IVT 
U4 15 17 19 21 23 25 
U4/U6 
B 
IVT IVT 
1 3 5 7 9 11 13 U4 U4 15 17 19 21 23 25 
U 4 — • %j% HP Iff 
Figure 32 Glycerol gradient sedimentation of Brr2-TAP released U4 snRNP. Lane 
numbers indicate fraction number. IVT U4 - in vitro transcribed U4 RNA standard. A. 
Sedimentation of Brr2-released U4 species. B. Sedimentation of prp24-lsub/4sub 
accumulated U4 snRNP. 
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Figure 33. Sedimentation profile of Brr2-released free U4 RNP and accumulated (prp24-
lsubMsub) free U4 RNP from figures 32A and 32B, respectively. The accumulated U4 
snRNP (Figure 32B) sedimented deeper in the gradient than the Brr2-released U4 snRNP. 
The velocity sedimentation comparison of the Brr2-released free U4 RNP and the 
accumulated U4 RNP indicate that the released U4 RNP and the accumulated U4 RNP differed 
in composition under the conditions tested. This difference in composition is important. The 
accumulated U4 RNP is expected to be the result of a defect in Prp24p function and, therefore, a 
U4 snRNP species that is in a state of readiness to enter the spliceosome. In contrast, the Brr2-
released U4 RNP is generated from the U4/U6»U5 snRNP and believed to be the result of the 
ATP-dependent rearrangement of complex B to B*. For discussion purposes these two species 
will be referred to by their relationship in the splicing cycle, the pre-U4/U6 U4 snRNP (pU4 
snRNP) and the recycling U4 snRNP (rU4 snRNP). The Prp24p annealing experiments 
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undertaken by both Raghunathan and Guthrie (1998) and Rader and Guthrie (2002) utilized the 
Brr2-released U4 RNP for their in vitro studies and, therefore, appear to have used a snRNP 
different in composition to the biologically relevant species. As a result, the annealing rates 
observed for Prp24p in both of these studies may not reflect the annealing rates that occur with 
the pU4 snRNP. These experiments also indicate that there is either a recycling step that occurs 
after the release of the U4 RNA/P from the U4/U6»U5 snRNP or that the rU4 snRNP is also a 
substrate for Prp24p function. 
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Chapter 4 
Attempted Affinity Purification of U4 RNP 
Based on the evidence outlined in the previous chapter that the free U4 snRNA is a 
snRNP, a variety of affinity isolation attempts were performed. The following chapter describes 
the various experimental methods used in targeted attempts to purify free U4 snRNP from S. 
cerevisiae. Subsequently, the experimental results are presented, followed by analysis and 
discussion. 
4.1 Methodology 
4.1.1 Preparation of C-terminal His-Polyoma (CHP) purification-tagged proteins in 
yeast 
The plasmid containing a leucine-marked C-terminal Histine-Polyoma tandem-affinity 
purification tag (pCHP425) was provided by Scott Stevens (Stevens, 2000). This plasmid 
contains a sequence coding for 8 x Histidines followed by two copies of the polyoma epitope 
(EYMPME) and LEU2+ selection marker. Using the universal flanking sites as PCR priming 
regions and overhanging primers (Table 5), DNA sequences were generated that contained the 
CHP tag and LEU2+ gene, flanked on the 5 '-end by the 45 nucleotides of the 3 '-end of the target 
gene and on the 3'-end by the 3'-UTR adjacent to the target gene as portrayed in figure 34. The 
PCR scheme used an annealing temperature of 68°C and an extension period of 4 minutes. The 
expected products from the primers listed in table 5 were 3492 bp in length. 
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Reverse universal primer sequence 
Forward primer -
Reverse primer • 
Forward universal primer sequence 
TAP sequence 
w-
3'-end of target gene PCR product used for integration 
88 
3'-end of target gene 
3'-UTR of target gene 
3'-UTR of target gene 
Figure 34. Vector containing C-terminal 8 x Histidine 2 x Polyoma Tandem Affinity 
Purification Tag and and PCR scheme used to create integration constructs. 
This process was performed for each of PRP3, PRP4, PRP31, SMD3 and SNUB. The 
PCR products were separated on a 0.8% EtBr agarose gel by electrophoresis at 250V for 30 
minutes in 1 x SB running buffer. The products were visualized at the expected size then excised 
and purified with Qiaquick Spin Kits (Qiagen). Subsequently, 10 jig of purified PCR product 
was used for a high efficiency LiOAc/DMSO transformation into the strain prp24-lsub/4sub as 
described in section 2.1.3 and potential integrants were selected on leucine drop-out complete 
supplemental media. 
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The resulting colonies were colony-purified and tested for integration by colony PCR with the 
appropriate primers listed in table 6 and the expected products shown in table 7. 
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Table 5. Primers used to generate integration constructs for homologous recombination. 
Primer 
OSDR320 
OSDR321 
OSDR291 
OSDR292 
OSDR293 
OSDR294 
OSDR327 
OSDR328 
OSDR417 
OSDR418 
Target region 
Prp3 3'end-
pCHP425 
Prp3 3TJTR-
PCHP425 
Prp4 3'end-
PCHP425 
Prp4 3TJTR-
PCHP425 
Prp31 3'end-
PCHP425 
Prp313'UTR-
pCHP425 
SmD3 3'end-
pCHP425 
SmD3 3'UTR-
pCHP425 
Snul3 3'end-
PCHP425 
Snul3 y UTR -
PCHP425 
Sequence (Universal priming sequence indicated bold letters) 
CTGGGTCAGTTTGATTCAGAGCATTTTTATTCACCTGT 
TCAAACGGGCCGCTCTAGAACTAGTGGATCC 
AATATTTAATATGAAACAAAGCGTATCATTTTGTAGA 
CACCGATAAGCAGATTGTACTGAGAGTGCACC 
TTTTTAGTGAGCGGCGGATGGGATAGGTCTATCAAGC 
TCTGGAATGGCCGCTCTAGAACTAGTGGATCC 
ATAAAACGTTAGTTTCAAAAATACTAAATACATTTCTT 
TACACAAAGCAGATTGTACTGAGAGTGCACC 
CATACTAACCCAGAAGAAGAGACCAATTGGTTTTCCG 
GTCATGGTGGCCGCTCTAGAACTAGTGGATCC 
ACTATATAATATCTTTTTAAATATTATCAAGTATGTAG 
AAGAGCCAGCAGATTGTACTGAGAGTGCACC 
AACTCATCAAGACCTATGCCACCAATAAGAGGACCTA 
AGAGAAGGGGCCGCTCTAGAACTAGTGGATCC 
CCCCCTACAATGATGAATGCGTTTCTGCCCGTCACGTT 
TCCTATTAAGCAGATTGTACTGAGAGTGCACC 
ACCCAAATCTACGCTGTCAAGGACAAGATTGAAACTT 
TATTAATTGGCCGCTCTAGAACTAGTGGATCC 
TAGATGGTACAAAAACTATGTTGATAGATATAATCCA 
ATCTACGCAGATTGTACTGAGAGTGCACC 
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Table 6. Primers used for PCR confirmation of CHP tag integration into the genomic gene copy. 
Primer 
oSDR372 
OSDR373 
oSDR370 
OSDR371 
OSDR374 
OSDR375 
OSDR415 
OSDR416 
OSDR376 
Description 
Forward primer 
complimentary to 
PRP4 y 
Reverse primer 
complimentary to 
PRP4 3 U T R 
Forward primer 
complimentary to 
PRP3 3 ' 
Reverse primer 
complimentary to 
PRP3 30JTR 
Forward primer 
complimentary to 
PRP31 y 
Reverse primer 
complimentary to 
PRP31 3TJTR 
Forward primer 
complimentary to 
Snul3 y 
Reverse primer 
complimentary to 
Snul3 3'UTR 
Revers primer 
complimentary to 
5'of CHP tag 
Sequence 
5 -TGGTTAAAAATGGGAAGTTTAGC AGGC-3' 
5 -CAGGGCAAAAAAACCAGGAAATGTATAA-3' 
5 -TGATCAGGATTCTTTATTACGTACGCTGG-3' 
5 '-GCTAAAAAAATCATTATTCTGGGCGACA-3' 
5 -AGCAACCGAATCTGTCGCCAGA-3' 
5-CGCTCTCGCCGGTCACTACTATATAATATCT-
y 
5'-
GAGCTTGTGGTGTTTCTAGACCAGTTATTGCTG-
y 
5 -GCGTCTGCACTAGTGGAAAGCAAAA-3' 
5 '-CC ATTGGC ATATATTCCATGTGGTGG-3' 
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Table 7. Expected PCR products for primer sets used to confirm integration of CHP tag. 
Target 
PRP4 
PRP3 
PRP31 
SmD3 
Snul3 
WT 
CHP integrated 
WT 
CHP integrated 
WT 
CHP integrated 
WT 
CHP integrated 
WT 
CHP integrated 
Primers 
OSDR372, oSDR373 
OSDR372, OSDR376 
oSDR370,oSDR371 
OSDR370, OSDR376 
OSDR374, OSDR375 
OSDR374, OSDR376 
oSDR413,oSDR414 
OSDR413, OSDR376 
OSDR415, oSDR416 
OSDR415, OSDR376 
Expected product size (bp) 
215 
199 
157 
152 
157 
174 
328 
369 
201 
195 
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4.1.2 Preparation of cleared lysates 
Integrated strains were grown and harvested as described in section 2.1.4. Subsequently, 
each sample was lysed by bead beating with 500 ul lysis buffer C (AGK, 1 mM Benzamidine 
HC1, 1 mM Phenanthroline, 1 mM Aprotinin, 1 mg/ml Leupeptin, lmg/ml Pepstatin A, 10 mM 
B-Mercaptoethanol) for 1 minute intervals separated by 1 minute cooling on ice. After ~8 
minutes the zirconica beads were removed and the lysate was centrifuged at 16,100 x g at 4°C 
for 30 minutes to remove cellular debris and aggregates. The supernatant was flash frozen with 
liquid nitrogen and stored at -80°C. 
4.1.3 Polyoma co-purification of snRNAs with CHP-tagged proteins 
To test if U4 RNA co-purifies with Prp3p, Prp4p and Prp31p, crude lysates of each of the 
CHP-tagged strains were prepared as described in section 3.1.2. For each of the strains, 
approximately 70 ul of Protein A-agarose (Sigma Aldrich, Oakville, Ontario) was washed 3x 
with Phosphate Buffered Saline pH 5.4 (PBS). Subsequently, 100 ul of monoclonal polyoma 
antibodies in TBST buffer was added to the Protein A-agarose beads and slowly rocked at 4°C 
for a periods of 1 hours. The beads were pelleted at 10,000 x g for 10s and the pellet was 
washed 5 times with 250 ul of PBS pH 7.4 each time. Either 100 ul of cleared lysate or 100 ul 
lysate diluted 1/10 with the lysis buffer were added to the beads and slowly rocked for periods 
ranging from 1-14 hours. The beads were washed 4-5 times with the lysis buffer to remove non-
specific complexes and the flow-through and, when possible, the polyoma-Prot A-agarose beads 
were incubated with the polyoma epitope peptide (EYMPME) to elute the bound complexes. The 
flowthrough, washes, elution fractions and agarose beads were immediately flash frozen. The 
fractions, including the beads, were diluted to 450 ul and were adjusted to 300 mM NaOAc. 
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RNA from the fractions was extracted a minimum of 2 times with 300 ul phenol/chloroform/iso-
amyl alcohol (30:29:1) pH 6.4 or until the interface between the aqueous and organic phases 
became clear. The RNA was precipitated with cold absolute ethanol and collected by 
centrifugation at 16,100 x g for 30 minutes at 4°C. The RNA pellet was washed with 70% 
ethanol and air-dried for 5 minutes. Samples were suspended in water and each entire sample 
was analyzed for U4 co-purification by Northern blotting as described in section 2.1.6. 
4.1.4 Isolation of U4 RNA containing species by RNA-affinity 
Utilitzing an RNA affinity isolation strategy, Lingner and Cech (1996) purified intact 
telomerase RNP from Euplotes aediculatus by utilizing an immobilized complimentary 2 ' -0-
methyl RNA. Whereas Lamond and Sproat (1989, 1994) released bound species by denaturing, 
Lingner and Cech (1996) eluted the RNPs from the immobilized capture oligos by using a 
competition DNA oligo with a higher melting temperature to displace the bound telomerase 
RNP. As described in section 3.2.3, Wolff and Bindereif (1992) used a similar technique; 
however, their capture oligonucleotide was targeted to the U4 RNA component of the U4/U6 
snRNP and elution was achieved by melting of the U4/U6 snRNP. A biotinylated-
oligonucleotide containing an elution DNA complimentary sequence followed by a 2'-0-methyl 
RNA capture sequence with partial complementarity to the sequence from U71 to U87 of U4 
RNA (UAUUAUAAACCAGACC) was synthesized (CI Biotin-
TAGACCTAGTTAmGmGmUmCmUmGmGmUmUmAmUmAmAmUmUmA) (Dharmacon, 
Chicago, Illinois) with the goal of isolating U4 RNA-containing species by using a similar 
strategy to bind directly to the U4 RNA. This affinity capture strategy is portrayed in figure 35. 
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Figure 35. RNA affinity purification strategy for U4 RNA/P. Oligo CI binds to exposed 
residues on the U4 RNA/P. The DNA elution oligo has a higher melting point and is 
present in much greater concentration, ~ 1000-fold, outcompeting the U4 RNA/P for 
binding with the capture oligo. 
A 100 jil volume of U4 RNA-accumulating splicing extract was incubated with a free 
biotinylated oligonucleotide (5'-Biotin) with 300 mM KC1 and 2 mM MgCl2 for 24 hours at 4°C. 
Alternatively, the splicing extract was incubated for 24 hours at 4°C with CI oligonucleotide-
bound to streptavidin-agarose. The streptavidin-agarose was blocked as described by Lamond 
and Sproat (Higgins & James, 1994). One-hundred microlitres of streptavidin-agarose (Sigma 
Aldrich, Oakville, Ontario) were re-suspended in at least 1 volume of Preblock buffer (20 mM 
HEPES-KOH pH 7.9, 0.3 M KC1, 0.02% Triton X-100, 0.5 mg/ml BSA, 0.5 mg/ml, 0.05 mg/ml 
glycogen, 0.05 mg/ml tRNA) and slowly rocked at 4°C for 15 minutes. The streptavidin-agarose 
beads were pelleted at 1400 x g for 20 seconds and washed three times with at least 1 volume of 
wash buffer (20 mM HEPES-KOH pH 7.9, 50 mM KC1, 0.2% Triton X-100) then stored on ice 
until used. The oligonucleotide CI/extract mixture was incubated with the pre-blocked 
streptavidin-agarose for 1 hour at 4°C. The streptavidin medium was washed three times with 
-95-
CHAPTER 4 - Attempted Affinity Purification of U4 RNP 96 
300 ul of WB300 (20 mM Hepes-KOH, pH 7.9, 0.3 M KC1, 0.2% Triton X-100) for 15 minutes 
at 4°C with agitation. The agarose beads were incubated with elution solution containing 1 
nmol/ml of the DNA oligonucleotide Dl (Dl-TAATTATAACCAGACCTAACTAGGTCTA) in 
200 ul of WB300. Subsquently, the streptavidin-agarose beads were treated with 28.4 (o,g of 
Proteinase K at 50°C for 1 hr before phenol/chloroform extraction and ethanol precipitation and 
were then visualized by Northern blotting as described in section 2.1.8. 
4.2 Results and Discussion 
4.2.1 Creation of integration constructs by PCR 
The PCR products produced by amplification of pCHP425 with primers targeted towards 
PRP3 (oSDR320, 321), PRP4 (oSDR293, oSDR292), PRP31 (oSDR293, oSDR294) and SMD3 
(oSDR327, oSDR328) were all the expected size range, -3500 bp, as shown in figure 36. 
Transformation of strain prp24-lsub/4sub with selection on leu" CSM resulted in colonies 
for each of PRP3, PRP4, PRP31 and SMD3. 
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PRP3CHP PRP4CHP PRP31CHP SmD3 
OSDR320 OSDR291 oSDR293 oSDR327 
oSDR321 oSDR292 oSDR294 oSDR32S 
Figure 36. PCR products from the generation of PRP3CHP, PRP4CHP, PRP31CHP and 
SMD3CHP integration constructs. 
4.2.2 Confirming integration of CHP tag by colony PCR 
As shown in figure 37, colony PCR of genomic DNA with primers oSDR372 and 
oSDR376 produced a primary product approximately 200 bp in length, the expected length if 
integration had successfully occurred. In contrast, PCR with primers OSDR372 and oSDR373 
produced a weak band approximately 75 bp in length, not the expected 215 bp for the untagged 
PRP4 gene. Based on these PCR products I concluded that the integration of the CHP tag into 
PRP4 was successful. 
PRP3 was also tested for integration in this manner and PCR with primers oSDR370 and 
oSDR376. The reaction produced a primary product of -150 bp in length, similar to the 
expected product of 152 bp for the integrated product (Figure 37). In contrast, primers oSDR370 
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and oSDR371 produced weak bands ~80 bp, 160 bp, 220 bp and 380 bp that appear to be non-
specific products of the PCR reaction. For comparison with an untagged gene, the DNA from the 
PRP31 transformation was amplified with primers oSDR370 and oSDR371, yielding a primary 
product -150 bp in length, similar to the expect product of 157 bp. The PCR products from 
these reactions indicate that the integration of the CHP tag into PRP3 was successful. 
Testing of the CHP-tagging of PRP31 is also shown in figure 37. PCR with primers 
oSDR374 and oSDR376 produced a product -170 bp long, similar to the expected product of 
176 bp. In contrast, amplification with oSDR374 and oSDR375 produced weak products less 
than 100 bp in length. Genomic DNA from the attempted PRP3CHP transformation was also 
amplified to confirm that the transformants of the PRP31CHP integration with oSDR374 and 
oSDR375 were non-specific,. The primary product of this reaction was -150 bp long, consistent 
with the expected product of 157 bp. Based on these results I concluded that integration of the 
CHP tag into PRP31 was successful. 
Prp4 Prp3 Prp31 SMD3 
oSDR372oSDR372 oSDR374 oSDR374 oSDR374oSDR374 OSDR413 OSDR413 
oSDR373oSDR376 OSDR371 OSDR376 oSDR371oSDR376 OSDR414 OSDR376 
Figure 37. Confirmation of CHP-tagging of Prp4, Prp3, Prp31 and SmD3 by PCR. Prp3, 
Prp4, and Prp31 were successfully tagged. 
Transformants from the transformation of strain prp24-lsub/4sub with the SMD3-
targeted construct was also screened for successful integration. As shown in figure 37, PCR of 
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each of the SmD3-targeted transformant colonies with primers oSDR413 and oSDR376 did not 
produce any products larger than 100 bp long. In addition, PCR with primers oSDR413 and 
oSDR414 yielded products ~300 bp long. While the product from the reaction with oSDR413 
and oSDR414 is shorter than the expected product of 328 bp, the lack of product from the 
reaction with oSDR413 and oSDR376 lead me to conclude that the numerous transformants that 
were tested did not have the CHP tag integrated. 
4.2.3 Co-purification of U4 RNA with affinity tagged proteins 
As a control to test for the specificity of U4 RNA co-purification, un-tagged prp24-
1 sub/4sub lysate was used in trial affinity purifications for both Ni-NTA and protein A-coupled 
polyoma antibodies. U4 RNA was not present in wash 4 (W4) or 5 (W5), the eluate (El) or 
remaining on the polyoma antibody-agarose beads (B) (Figure 38) indicating that U4 RNA in 
untagged prp24-lsub/4sub lysate did not associate with protein A-coupled polyoma antibody in a 
non-specific manner. 
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0.5ng .FT Wl? W2 W3 W4 W5 El B 
IVT | 
U4 
U4/U6 -
u4->- *-m. 
Figure 38. Test for non-specific association of U4 RNA with protein A-coupled polyoma 
antibodies. FT - flowthrough, W1-W5 - washes, El - elution, IVT U4 - in vitro 
transcribed U4 RNA standard. B - polyoma-Prot A-agarose beads. No U4 RNA associated 
with the polyoma-Prot A-agarose beads. 
To ensure that the apparent lack of association of U4 RNA with the Polyoma antibodies 
was not due to defective antibodies and to test the effectiveness of the CHP tag, a lysate was 
made from the PRP4CHP prp24-lsub/4sub strain under conditions where the all of the U4 
snRNA was expected to be in U4/U6 snRNP form. The U4/U6 RNA co-purified with Prp4p 
(Figure 39), a protein that has been confirmed to be U4/U6 snRNP-associated. Due to the lack 
of U4 RNA signal in lanes El and B in the control experiment (Figure 38), I concluded that the 
co-purification of U4 RNA on polyoma antibody affinity media was specific for the tagged 
protein. 
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U4/U6 -
IJ4-
Figure 39. Co-purification of U4 RNA with Prp4CHP by polyoma antibody affinity 
purification. FT - flowthrough, W1-W5 - washes, El - elution, IVT U4 - in vitro 
transcribed U4 RNA standard. B - polyoma-Prot A-agarose beads. U4/U6 was present in 
the elution fraction and remained associated with the polyoma-Prot A-agarose beads. 
IVT IVT 
U4 FT Wl W2 W3W4W5 El E2 U4 FT Wl W2 W3 W4 W5 El E2 
A B 
U 4 / U 6 — • 
U 4 — • 
*f mt WmmmSm %•»<« ^J 
Figure 40. Co-purification of U4 RNA with Prp4CHP by Ni-affinity chromatography. A) 
Prp4CHP-tagged prp24-lsub/4sub. B) untagged prp24-lsub/4sub. FT - flowthrough, Wl-
W5 - washes, E1-E2 - elution, IVT U4 - in vitro transcribed U4 RNA standard. U4 RNA 
from the un-tagged strain associated with the Ni-NTA media and eluted upon addition of 
imidazole. 
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In addition, a set of tests were performed for Ni-NTA purification media. PRP4CHP-
tagged and untagged versions of the prp24-lsub/4sub strain were tested for co-purification of U4 
snRNA. The majority of the unbound U4/U6 snRNP was removed in washes 1-4 (W1-W4) and 
heavy elution of U4/U6 RNA with EDTA was observed (Figure 40A). As can be seen for 
untagged strain in figure 40B, the majority of the unbound U4/U6 RNA was removed in washes 
1-3 (W1-W3) and heavy elution of U4/U6 RNA with EDTA was observed indicating that the 
U4/U6 snRNP species was non-specifically bound. The U4/U6 snRNP from the untagged lysate 
appeared to associate with the Ni-NTA resin non-specifically, resulting in a similar elution 
pattern to the PRP4CHP prp24-lsub/4sub strain (figure 40A). Therefore, I only continued with 
testing for co-purification of free U4 RNA by polyoma antibody affinity chromatography. 
The PRP4CHP-tagged prp24-lsub/4sub strain was used to test if U4 snRNP co-purifies 
with Prp4p, by attempting polyoma purification with a sample that had been heat-shifted, which 
was expected to produce an accumulation of U4 snRNA. The ratio of U4 to U4/U6 RNA in the 
flowthrough lane (FT) was ~9:1 (Figure 41), indicating that the treatment of the sample was 
successful in producing an accumulation of U4 snRNP. However, as can be seen in washes 4 
and 5 (W4 and W5), the elution fraction (E) and the polyoma antibody affinity media (B), only 
U4/U6 RNA co-purified with Prp4p. 
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FT Wl W2 W3 W4 W5 E B 
Figure 41. Polyoma antibody co-purification of U4 RNA with PRP4CHP-tagged prp24-
lsub/4sub lysate. FT - flowthrough, W1-W5 - washes, E - elution, IVT U4 - in vitro 
transcribed U4 RNA standard, B - polyoma-Prot A-agarose beads. U4/U6 RNA co-
purified with the CHP-tagged Prp4p. 
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Lysates from the strain PRP31CHP prp24-lsub/4sub were tested for co-purification of 
U4 snRNA with Prp31p. As shown in figure 42, heat-shifting of the cells prior to lysis 
successfully produced an accumulation of U4 RNA at ratio of -55:45 U4:U4/U6 snRNP. As can 
be seen in figure 42, the majority of the unbound U4/U6 snRNP was removed in wash 1-4 (Wl-
W4) and there was a clear signal for U4/U6 snRNA in the elution fraction (E) and a weaker 
signal on the remaining polyoma antibody beads (B). The presence of the U4/U6 snRNA in the 
elution fraction indicates that the affinity purification of Prp31p was successful. However, free 
U4 RNA was not present either in the elution fraction or attached to the remaining beads, 
indicating that it did not co-purify with Prp31p. 
IV U4 FT Wl W2 W3 W4 W5 E B 
U4/U6. 
U4 
Figure 42. Polyoma antibody co-purification of U4 RNA from PRP31CHP-tagged prp24-
lsub/4sub strain. FT - flowthrough, W1-W5 - washes, E - elution, IVT U4 - in vitro 
transcribed U4 RNA standard. B - polyoma-Prot A-agarose beads. U4/U6 RNA co-
purified with the CHP-tagged Prp31p. 
Based upon binding patterns (Figures 41, 42), it appeared that more PRP4CHP and 
PRP31CHP lysate was incubated with more polyoma antibody beads than could be bound by the 
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beads. If the proteins associated with U4/U6 snRNP were more amenable to affinity binding 
then this overloading of the beads may have prevented binding of the U4 snRNP to polyoma 
antibody-agarose. To test for this possibility, a purification using a 10 x difference in the 
concentration of the lysate was performed for PRP31CHP lysate. The ratio of U4:U4/U6 RNA 
was greater than 5:1, demonstrating a clear accumulation of free U4 RNA (Figure 43). For the 
100 ul purification attempt, the majority of the unbound U4/U6 snRNP and U4 snRNP were 
removed by wash 4 (W4). The U4/U6 snRNA remained associated with the polyoma antibody-
agarose (B), indicating that the binding of the Prp31CHP to polyoma antibodies was successful. 
In contrast, the 10 ul lysate sample did not appear to have any detectable U4 RNA species bound 
to the resin under the same conditions in spite of a strong free U4 RNA signal in the flowthrough 
lane. This contrast indicates that the lack of co-purification of free U4 with the tagged proteins is 
not due to U4/U6 snRNP out-competing free U4 snRNP during co-purification. 
100ul 10ul 
FT W2 W4 B FT W2 W4 B IV U4 
Figure 43. Co-purification of U4 with Prp31CHP by polyoma antibody affinity 
purification (10 x difference). FT - flowthrough, W2-W4 - washes, IVT U4 - in vitro 
transcribed U4 RNA standard. B - polyoma-Prot A-agarose beads. U4/U6 RNA co-
purified with the CHP-tagged Prp31p. 
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Lysates from PRP3CHP-tagged prp24-lsub/4sub were also tested for co-purification of 
free U4 snRNP. Free U4 RNA was in excess to U4/U6 RNA (Figure 44). However, wash 4 
(W4) was almost completely devoid of all U4 RNA species and the polyoma antibody-agarose 
(B) contained U4/U6 RNA indicating that the U4/U6 snRNP successfully co-purified. Based on 
the lack of co-immobilization of free U4 RNA in figure 44,1 concluded that C-terminally-tagged 
Prp3p does not co-purify U4 snRNP. 
0.5ng 
Ft Wl W4 B IVT 
Figure 44. Co-purification of U4 with Prp3CHP by polyoma antibody affinity. FT -
flowthrough, W1-W4 - washes, IVT U4 - in vitro transcribed U4 RNA standard. B -
polyoma-Prot A-agarose beads. U4/U6 RNA co-purified with the CHP-tagged Prp3p. 
These experiments show that affinity purification of C-terminally tagged Prp3p, Prp4p 
and Prp31p will co-purify U4/U6 snRNA under free U4 snRNP-accumulating conditions, but 
will not co-purify free U4 snRNP. These results indicate that either the C-terminus is 
U4/U6—• 
U4—• 
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inaccessible in the free U4 snRNA/P or that these proteins are not associated with free U4 
RNA/P. 
4.2.4 2'-0-methyl RNA affinity isolation of U4 RNA-containing species 
As an alternative to targeting the proteins that may be associated with the U4 snRNA/P, 
the U4 snRNA is a more direct but less specific target for affinity purification. Attempts to 
determine if 2'-0-methyl RNA (2'-Ome) affinity purification is feasible are shown in figure 45 
and 47. Several attempts at the isolation of U4 snRNA-containing species were made. Figure 45 
shows the dilution series attempt to bind U4 snRNA-containing species in solution with the 2'-
OMe RNA oligo. Incubation of 0.2 nmol of oligonucleotide CI with cleared lysate for 24 hours 
followed by binding to streptavidin-agarose resulted in both U4 and U4/U6 snRNA-containing 
species remaining bound to the streptavidin-agarose media (Figure 45A lane B). In contrast, the 
incubation of 1.6 nmol of oligonucleotide CI with an identical volume of lysate prior to 
streptavidin-agarose binding resulted in no discernable binding of U4 snRNA/P-oligonucleotide 
CI duplexes (Figure 45B lane B), indicating that the U4 snRNA species that are shown bound in 
figure 45A were specifically bound to oligonucleotide CI and not non-specifically bound to the 
streptavidin-agarose media. In the elution lanes of figure 45A (El and E2) no elution of the 
bound U4 snRNA species occurred upon addition and incubation with oligonucleotides Dl, 
indicating that the competition between oligonucleotides Dl and the U4 snRNA for binding of 
oligonucleotide CI was ineffective. 
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IVT IVT 
FT Wl W2 W3 El E2 B U4 U4 FT Wl W2 W3 El E2 B 
U4/U6 
rrtf 
4--t;< 
Figure 45. Titration of capture oligonucleotide CI for binding to U4 RNA-containing 
species. A. Incubation of 100 ul lysate with 0.2 nmol of oligonucleotide CI for 24 hours at 
4°C followed by incubation with streptavidin beads for 1 hour. U4 RNA species remained 
associated with the streptavidin beads. B. Incubation of 100 ul lysate with 1.6 nmol of 
oligonucleotide CI for 24 hours at 4°C followed by incubation with streptavidin beads for 
1 hour. No U4 species remained associated with the streptavidin beads. FT - flowthrough, 
W1-W4 - washes, IVT U4 - in vitro transcribed U4 RNA standard. B - polyoma-Prot A-
agarose beads. 
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An alternative strategy was to pre-bind the biotin-tagged oligonucleotides CI to 
streptavidin-agarose prior to incubation with cell lysate. This strategy was as effective as was 
the incubation of oligonucleotide CI in solution as evidenced by the U4/U6 and U4 snRNA 
signals that remained bound to the streptavidin-agarose (Figure 46 lane B). However, U4 
snRNA did not elute upon incubation with oligonucleotide Dl (lanes El and E2). Under both 
conditions tested (figures 45 and 46) U4 snRNA species remained bound to the 2'-Ome-biotin-
streptavidin-agarose media. It is clear that the U4 snRNA is specifically binding to oligo CI and 
not binding non-specifically to the streptavidin-agarose (Figure 45B), indicating successful 
isolation of both the U4/U6 and free U4 snRNAs. 
1VT 
FT Wl W2 W3 El E2 B U4 
U4/U6—• ._. 
U 4 — • 
Figure 46. Incubation of 1 nmol of affinity RNA 1 with 100 ul streptavidin agarose, for 1 
hour at 4°C. Washed 3 times with 1 volume of wash buffer then incubated for 24 hours 
with 100 ul lysate at 4°C. FT - flowthrough, W1-W4 - washes, IVT U4 - in vitro 
transcribed U4 RNA standard. B - polyoma-Prot A-agarose beads. U4 RNA species 
remained associated with the streptavidin beads. 
It is unclear from these experiments whether the RNA bound to the oligonucleotide Cl-
streptavidin-agarose is naked snRNA or in the snRNP form. Additionally, the ineffectiveness of 
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the oligonucleotide Dl in eluting the snRNA/Ps from the oligonucleotide CI is a problem that 
must be addressed through trials at the design stage for the capture oligo to control the relative 
melting points for the 2'-OMe RNA-RNA and 2'-OMe-DNA duplexes. Due to the unknown 
status of the U4 snRNA/P and these technical issues and after comparison of the low signal 
levels and the current cost of synthetic RNA oligonucleotides, continuation of testing of the U4 
RNA-2'OMe strategy was judged to be prohibitively expensive and impractical. 
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Chapter 5 
General Discussion 
5.1 General Overview 
The spliceosome is a highly complex nuclear system composed of both RNAs and 
proteins that is responsible for the excision of introns from pre-mRNA and ligation of the 
remaining exons. Splicing components appear to be organized around the five snRNAs, with the 
snRNPs comprising the most massive components of the spliceosome due to the nucleic acid 
content. However, the composition of the snRNPs are fluid and remain in a state of flux as they 
progress through biogenesis, the various stages of the splicing and recycling. As a result, the 
snRNPs are described by meta-identies that follow the identity of the RNA back-bone in an 
attempt to describe the functional direction of the complex. 
The U4 snRNA is normally only found as a component of the U4/U6 and U4/U6-U5 
snRNPs. However, there are indications that the free U4 snRNA is associated with proteins as a 
snRNP prior to entry into the U4/U6 particles. The Sm heptomer has been identified associated 
with the U4/U6 snRNP and the U4 snRNA contains the uridine-rich Sm-binding sequence 
common to the Ul, U2 and U5 snRNPs. Furthermore, the U6 snRNP is present in the nucleus, 
indicating that the U4 snRNA is transported into it separately from the U4/U6 snRNP, which 
would occur via the Sm nuclear localization signal. There are also several proteins that have 
been shown to interact directly with the U4 snRNA in the U4/U6 snRNA including Prp3p, 
Prp4p, Prp31p and Snul3p. 
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The unique state of the U4 snRNA in the cell implies that it plays a different role than the 
other snRNPs. The disparity in the stoichiometry between the U4 snRNA/P and U6 snRNA/P 
indicates that the U4 snRNP is the limiting reagent for the formation of the B complex and by 
extension a control check-point for formation of complex B. Identifying the protein composition 
of the free U4 snRNP is therefore important for two reasons. Knowledge of the protein 
composition provides the context for the formation of the U4 snRNP and, by extension, the 
formation of splicing complex B. In addition, if the U4 snRNA is associated with proteins, it 
provides a pathway for protein entry into the growing spliceosome. Identifying the pathway of 
protein movement into the spliceosome is important because it provides functional and 
evolutionary context to understand their role in splicing. 
Isolating the free U4 snRNP would be useful for understanding how the U4 snRNP 
performs its function and how the U4 and U6 snRNPs relate to Prp24p and form the U4/U6 
snRNP. As described in section 1.3.3, the U6 snRNP appears to be capable of forming a kissing 
loop structure and the phylogenetic analysis of the U4 snRNA indicates that residues 2-15 are 
also consistent with the formation of a kissing loop structure. The unusual connection between 
the sequences of U4, U2 and U6 snRNA make U4/U6 snRNP-formation a complex issue to 
address by mutational analyses, due to the high probability of interrupting other necessary RNA 
structures. 
The overarching goal of this investigation was to develop techniques necessary for 
isolation of the U4 snRNP for characterization and identification of the associated proteins. The 
results of this investigation are: the identification of U4 snRNP-accumulating alleles of PRP24, 
confirmation that the accumulated U4 snRNA is not naked RNA, confirmation that the Brr2-
releassed U4 snRNA is not naked RNA, the development of a preparative technique for the 
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generation of a U4 snRNP species by release from the U4/U6-U5 snRNP, and physical 
comparison of the accumulated and released U4 snRNP species. 
5.2 Identification of U4 RNA accumulating alleles and functional characterization of 
Prp24p 
There were two goals for the characterization of Prp24p and LSm8 alleles. One goal was 
to identify alleles that result in sufficient U4 snRNA accumulation for isolation for later use in 
characterization. The second goal was to assay the impact of the various PRP24 alleles on the 
function of Prp24p in promoting the formation of U4/U6 snRNP as measured by U4 snRNA 
accumulation. Northern blotting was chosen as the quantification technique because it is the 
only readily-available technique for quantifying RNAs while maintaining base pairing status 
information. 
Based on the initial U4 snRNA-accumulation phenotype assay, prp24-lsub/4sub, BP1, 
BP2 and BP4 all resulted in strong U4 snRNA-accumulation phenotypes, making them excellent 
platforms for U4 snRNP purification attempts. Comparisons of the U4 snRNA levels and the U6 
snRNA levels indicated that in the lsm8-l strains the U6 RNA was greatly reduced, in agreement 
with findings of Pannone et. al. (1998). In contrast, the PRP24 alleles did not result in 
noticeably lowered U6 RNA levels, indicating the cause of the U4 snRNA-accumulation 
phenotype was not the result of U6 snRNA degradation, but instead, decreased Prp24p function. 
In addition, there appeared to be a disconnect between the growth phenotype associated with 
some of the alleles and the U4 RNA-accumulation phenotype. Several alleles with wild-type or 
near wild type growth, showed considerable accumulation of U4 RNA, while the K50E allele 
with a cold-sensitive phenotype demonstrated a wild type U4 RNA phenotype. This disconnect 
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between the growth phenotype and the biochemical phenotype indicates that the current model of 
the Prp24p mechanism is oversimplified and that there are multiple steps in the activity of 
Prp24p. 
5.3 Analyses of U4 snRNP by centrifugation 
There were several goals for the characterization of the U4 snRNP by centrifugation. 
The first goal was to determine if the accumulated and Brr2-released U4 snRNAs were naked 
RNA or corresponded to snRNPs. Another goal was to derive an estimate of the protein mass 
associated with the U4 RNA from the buoyant density of the particle in CsCl. The third goal 
was to physically compare the accumulated and Brr2-released U4 particles to determine if they 
are similar in composition. A fourth goal was to determine if CsCl or glycerol gradient 
centrifugation provided sufficient separation resolution for use as primary or secondary 
purification techniques. 
I found that both the accumulated and Brr2-released free U4 species were not naked 
RNA, as evidenced by their extremely low buoyant density on CsCl gradients. I interpret this 
variation from the expected buoyant density of naked RNA as an indication that the accumulated 
and released U4 snRNAs are indeed RNPs. The buoyant density of the accumulated U4 RNP 
was determined to be -1.357 g/ml which corresponds to approximate protein masses of 500-
1600 kD. However, this estimate of the mass of the protein complement of the free U4 snRNP is 
based on buoyant density readings that are at the upper limit for the calculation outlined by 
Sacchi et. al, (1977). 
Another goal was to characterize the Brr2-released U4 RNA species generated by 
Raghunathan and Guthrie (1998b) and compare it against the accumulated U4 snRNP. To this 
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end, I developed a modified preparative method for generating Brr2-released U4 snRNA/P. The 
preparative method has the potential to produce larger amounts of Brr2-released U4 snRNP due 
to the availability of the IgG-agarose affinity purification media. However, the free U4 snRNP 
generated by binding of the Brr2-TAP-containing U4/U6«U5 snRNPs showed a greater level of 
U4/U6 snRNA/P contamination than the original Brr2-release method of Raghunathan and 
Guthrie (1998b). 
In addition, I tested both glycerol gradient and CsCl centrifugation for their potential use 
a primary purification steps for the U4 snRNP. Due to resolution issues neither technique is 
appropriate as primary purification technique for the U4 snRNP. However, both techniques can 
be used as secondary purification techniques to separate U4 snRNP from other snRNPs. 
The data shown in chapter 4 add to the techniques available for generation of U4 snRNP 
and provides the first direct evidence that the free U4 snRNA is not a naked RNA and that it is 
very likely a snRNP. 
5.4 Attempted Affinity Purification of U4 RNP 
The objective of this component of the investigation was to isolate U4 snRNP in 
sufficient quantity and at sufficient quality for use in mass spectrographic analysis, structural 
characterization and as feedstock for kinetic characterization of Prp24p. With confirmation that 
the accumulated U4 snRNA is not a naked and that is very likely associated with proteins, 
attempts at isolating the U4 snRNP were made. The prp24-lsub/4sub allele was combined with 
each of C-terminally Histidine-polyoma-tagged PRP3, PRP4 and PRP31. Each of the prp24-
lsub/4sub PRP3CHP, PRP4CHP and PRP31CHP combinations retained the prp24-lsub/4sub U4 
snRNP-accumulation phenotype; however, affinity purification attempts using polyoma 
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antibodies resulted only in the isolation of the U4/U6 snRNP species. Due to the failure of the 
protein-affinity tagging strategy, an RNA affinity isolation strategy was also attempted in which 
resisdues U71 to U87 of U4 RNA were targeted with a 2'-Omethyl RNA oligonucleotide. This 
strategy was successful for immobilizing both U4 snRNA-containing species, but I was unable to 
elute the immobilized RNA species under non-denaturing conditions. It is also unclear as to 
whether the immobilized snRNA species are snRNPs or naked RNA. The cost of synthetic RNA 
oligonucleotides was a primary factor in my decision not to pursue the RNA-affinity strategy for 
isolation of the U4 snRNP and this strategy may become more viable with a decrease in the cost 
of synthetic RNA in the future. 
5.5 Concluding remarks 
The relationship between Prp24p and the U4 and U6 snRNPs has not been considered to 
be an essential research question and there are relatively few research programs dedicated to its 
study. However, the apparent catalytic importance of the U6 snRNA in splicing and the 
potential for splicing control described in section 1.3.4 indicate this relationship may have a 
global effect on splicing. 
Several models of Prp24p function have been put forth that attempt to explain the 
surprisingly high number of RNA recognition motifs present in the protein. The high level of 
interaction between the snRNAs results in a major hurdle in the study of the Prp24p, U6 snRNP, 
U4 snRNP relationship. The double-duty base pairing of the U6 snRNA with the U4 and U2 
snRNAs appears to contribute to the high degree of conservation observed for the U6 RNA and 
makes it difficult to use simple in vivo techniques such as mutational analysis for the U6, U4, 
U4/U6 or U6/U2 snRNPs. Experiments to determine structure, kinetic rates, or protein binding 
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affinities must, therefore, be performed in vitro with either purified components or reconstituted 
components. To study the Prp24p-U6-U4 relationship a preparative system for the free U4 
snRNP will need to be developed to perform in vitro experiments. This study has laid the 
groundwork for the development of a preparative system by identifying alleles that result in free 
U4 snRNA accumulation and confirming that the observed U4 snRNA accumulation is the result 
of U4 snRNP accumulation. 
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